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Nanostructure Engineering In Two-Dimensional Materials Beyond Graphene 
Abstract 
Atomically thin two-dimensional (2D) materials have flourished as one of the leading topics in condensed 
matter physics and materials science for nearly two decades. From carbon-based graphene, the family of 
2D materials now includes hundreds of compounds spanning a diverse array of chemical elements and 
potential applications. Patterning low-dimensional nanostructures in these emerging materials 
constitutes a viable method of precisely engineering their fundamental properties but has yet to be fully 
realized experimentally. In this thesis, we present a variety of techniques for tuning the chemical, 
mechanical, optical, and electronic characteristics of 2D materials via the controlled fabrication of 
nanostructures. A brief introduction on confined nanoscale geometries and the development of 2D 
materials beyond graphene is first provided. We then describe methods utilized in this work for the 
scalable synthesis, clean processing, and high-resolution characterization of various atomically thin 
compounds. In phosphorene, we report the formation of low-dimensional architectures through electron 
beam lithography and nanosculpting as well as techniques for inhibiting systemic oxidation. The resulting 
few-nm-wide 1D nanoribbons and 2D antidot lattices exhibit quantum confinement effects that yield 
tunable electronic and phononic properties. We subsequently show the creation of 0D pores and 2D 
porous membranes in molybdenum and tungsten disulfide through novel processes such as focused ion 
beam irradiation, laser-induced photo-oxidation, selected area electron exposure, and acid etching. 
Nanofluidic measurements, optical spectroscopy, and atomic resolution electron microscopy are used to 
explore structural, optoelectronic, and ionic transport phenomena. Lastly, we present approaches for 
patterning van der Waals superlattices and developing electron microscope field-effect transistors. The 





Doctor of Philosophy (PhD) 
Graduate Group 




2D Materials, Beyond Graphene, Nanoelectronics, Nanostructure, Nanotechnology 
Subject Categories 
Condensed Matter Physics | Mechanics of Materials | Nanoscience and Nanotechnology 
This dissertation is available at ScholarlyCommons: https://repository.upenn.edu/edissertations/4230 
NANOSTRUCTURE ENGINEERING IN TWO-DIMENSIONAL MATERIALS BEYOND 
GRAPHENE 
Paul Masih Das 
A DISSERTATION 
in 
Physics and Astronomy 
Presented to the Faculties of the University of Pennsylvania 
in 
Partial Fulfillment of the Requirements for the 
Degree of Doctor of Philosophy 
2020 
 
Supervisor of Dissertation       
_______________________      
Marija Drndić, Professor of Physics and Astronomy      
 
Graduate Group Chairperson 
_______________________ 
Joshua Klein, Professor of Physics and Astronomy 
 
Dissertation Committee  
Jessica Anna, Professor of Chemistry 
Alan T. Charlie Johnson, Professor of Physics and Astronomy 
Marija Drndić, Professor of Physics and Astronomy 
Eleni Katifori, Professor of Physics and Astronomy 
Eric Stach, Professor of Materials Science and Engineering 
 




Paul Chandrica Masih Das 
 
This work is licensed under the  









The research presented here was by no means accomplished alone. First and foremost, I thank 
my parents, brother, and girlfriend for showing me how extraordinary our world can be. Without 
their endless support and love, this dissertation would not be possible. Few words can also 
describe my gratitude for Professor Marija Drndić, who has mentored me both in life and lab for 
nearly eight years. I extend infinite thanks to my lab colleagues, specifically Priyanka Thiruraman, 
Gopinath Danda, Killian Chou, David Niedzwiecki, and Alice Castan. Their scientific knowledge, 
hard work, and friendship is the foundation upon which this work is built. Many of the experiments 
here would also be inconceivable without the valuable guidance of other lab members: William 
Parkin, Julio Rodriguez-Manzo, Francis Chien, Jerome Mlack, and Matthew Puster. The journey 
would of course have not been as enjoyable without a talented and welcoming graduate school 
cohort, particularly David Hopper and Christopher Kehayias for their seemingly limitless abilities 
to troubleshoot. At the University of Pennsylvania, I am grateful for assistance with nanomaterials 
characterization from Eric Stach, Deep Jariwala, and Alan Charlie Johnson as well as Douglas 
Yates, Matthew Brukman, and others at the Singh Center for Nanotechnology. Zhaoli Gao, Mark 
Zhao, Scott Zhang, and Carl Naylor from the Johnson lab are also acknowledged for their helpful 
discussions and expertise. The vast majority of work in this thesis was achieved through domestic 
and international collaborations. Andrew Cupo, Anthony Yoshimura, and Vincent Meunier from 
Rensselaer Polytechnic Institute are especially thanked for their outstanding density functional 
theory calculations. Many of the fantastic images were acquired with help from Robert Keyse 
(Lehigh University). Mauricio Terrones (Pennsylvania State University), Mildred Dresselhaus 
(Massachusetts Institute of Technology), Xi Ling (Boston University), Liangbo Liang (Oak Ridge 
National Lab), Shengxi Huang (Pennsylvania State University), and their respective students also 
provided a wealth of knowledge on two-dimensional materials. The research that follows is a 








NANOSTRUCTURE ENGINEERING IN TWO-DIMENSIONAL MATERIALS BEYOND 
GRAPHENE 
Paul Masih Das 
Marija Drndić 
Atomically thin two-dimensional (2D) materials have flourished as one of the leading topics in 
condensed matter physics and materials science for nearly two decades. From carbon-based 
graphene, the family of 2D materials now includes hundreds of compounds spanning a diverse 
array of chemical elements and potential applications. Patterning low-dimensional nanostructures 
in these emerging materials constitutes a viable method of precisely engineering their 
fundamental properties but has yet to be fully realized experimentally. In this thesis, we present a 
variety of techniques for tuning the chemical, mechanical, optical, and electronic characteristics of 
2D materials via the controlled fabrication of nanostructures. A brief introduction on confined 
nanoscale geometries and the development of 2D materials beyond graphene is first provided. 
We then describe methods utilized in this work for scalable synthesis, clean processing, and high-
resolution characterization. In phosphorene, we report the formation of low-dimensional 
architectures through electron beam lithography and nanosculpting as well as techniques for 
inhibiting systemic oxidation. The resulting few-nm-wide 1D nanoribbons and 2D antidot lattices 
exhibit quantum confinement effects that yield tunable electronic and phononic properties. We 
also show the creation of 0D pores and 2D porous membranes in molybdenum and tungsten 
disulfide through novel processes such as focused ion beam irradiation, laser-induced photo-
oxidation, selected area electron exposure, and acid etching. Nanofluidic measurements, optical 
spectroscopy, and electron microscopy are used to explore structural, optoelectronic, and ionic 
transport phenomena. Lastly, we present approaches for patterning van der Waals superlattices 
and developing electron microscope field-effect transistors. The research described here paves 
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1.1 2D Materials 
Two-dimensional (2D) materials have motivated an unparalleled level of research 
for close to two decades. Discoveries within the field have led to ground-breaking 
developments in condensed matter physics, materials science, and chemistry, among 
many others. Their unique atomically thin structures have propelled our understanding of 
fundamental physical phenomena and presented new opportunities for a vast array of 
existing and next-generation applications. Anywhere from quantum computing to water 
desalination, 2D materials provide a highly tunable architecture with an extraordinarily 
diverse range of electrical, optical, chemical, thermal, and mechanical properties. 
In a landmark 2004 report, Geim and Novoselov were the first to isolate and 
characterize an atomically thin 2D material.116 Graphene, a single layer of hexagonally-
bonded carbon atoms, was shown to host ultrahigh carrier mobilities and, a year later, 
novel transport characteristics such as the quantum Hall effect.117,179 Subsequent works 
were able to demonstrate a large thermal conductivity, high tensile strength, and low 
electrical resistivity in monolayer graphene.9 In addition to yielding a wealth of new 
nanoscale physics, the successful isolation of graphene established a paradigm that has 
led to the other discoveries of 2D materials. To date, the 2D family includes hundreds of 
compounds with a wide variety of properties that have been experimentally tested.  
In recent years, there has been significant interest in a homo- and hetero-stacks 
of 2D materials.41 These systems, conventionally referred to as van der Waals (vdW) 
heterostructures, have novel properties themselves that can be tuned based on 
parameters such as interlayer twist angle and layer composition. In 2018, it was shown 




Mott insulator states at low temperature.14 Similarly, bilayer systems of twisted transition 
metal dichalcogenides (TMDs) generated tremendous interest for their ability to host 
interlayer excitons.55 The endless configurations of heterostructure configurations has 
championed the concept of 2D materials as atomic-scale building blocks (Figure 1.1).41 
The research presented here makes use of numerous atomically thin materials 
and vdW heterostructures in the 2D family. From conductors to insulators, these 
compounds have a range of unique features in terms of their electronic, optical, and 
physical characteristics. By engineering low-dimensional nanostructures that utilize 
these aspects, we present new and precise methods of controlling both nano- and 
macro-scale properties in 2D materials. Brief descriptions and highlights of all the 2D 
materials employed in this research are first provided. 
Figure 1.1: Van der Waals heterostructures as atomic-scale building blocks. The stacking and 
twisting of atomically thin 2D materials into homo- and heterostructures constitutes a new basis 
for constructing layered low-dimensional systems. These highly configurable platforms display 




Among the mono-elemental 2D materials, that is, atomically thin compounds 
consisting of a single element, phosphorene has attracted substantial interest owing to 
the compromise it offers between high carrier mobility and p-type semiconducting 
properties. First isolated in 2014, phosphorene is a single atomic sheet of phosphorus 
with a puckered honeycomb lattice structure.88 The anisotropy in phosphorene’s 
properties results from the existence of two major asymmetric directions with armchair 
and zigzag arrangements (see Figure 1.3). The armchair (or “light”) direction features a 
high mobility of around 1,000 cm2 V-1 s-1, while the zigzag (or “heavy”) direction has a 
much lower mobility of 600 cm2 V-1 s-1.166 This leads to in-plane anisotropic transport and 
a thickness-dependent direct bandgap (0.3-1.5 eV). One major obstacle hindering 
phosphorene’s development is its atmospheric instability, which causes the material to 
degrade on timescales of a few minutes.18 Nevertheless, these properties make 
phosphorene a viable candidate for high-performance optoelectronic applications. 
In addition to mono-elementals, more complex layered geometries exist within 
the class of 2D materials. TMDs consist of a hexagonal lattice of transition metal atoms 
(e.g., Mo, W) sandwiched between two hexagonal layers of chalcogen atoms (e.g., S, 
Se, Te). In 2010, molybdenum disulfide (MoS2) was the first TMD to be isolated in 
monolayer form.99 Tungsten disulfide (WS2) and others, most notably MoSe2, WSe2, 
MoTe2, and WTe2, followed shortly thereafter.47 The subclass of TMDs have been 
subject to intense research due to their semiconducting band gaps (1.0-2.0 eV) and 
strong optical signatures, which are a result of stable excitons and reduced dielectric 
screening.162 Furthermore, numerous opportunities in fields of optoelectronics and 
valleytronics have opened up due to their strong spin-valley coupling. A majority of 
TMDs are also air-stable and can be fabricated through bottom-up growth techniques, 




properties have led to a multitude of studies of TMDs for a diverse set of applications 
such as solar harvesting,170 fluid filtration,51 and even quantum emission.121  
1.2 Nanopores (0D)  
Solid-state nanopore sensors for biomolecule detection and analysis were first 
demonstrated in 2003 with ultrathin 5-10 nm silicon nitride (SiNx) membranes.82 The 
advent of monolayer graphene a few years later led to a wave of new excitement and 
research opportunities as the ultimate lower limit in membrane thickness (< 1 nm). 
Several experimental demonstrations of DNA detection in electron beam sculpted 
graphene nanopores were subsequently published in 2010 (Figure 1.2).39,107,138 In recent 
years, the continuous discoveries of 2D materials beyond graphene has generated a 
similar string of reports on MoS2,89 WS2,26 hexagonal boron nitride (hBN),185 and 
transition metal carbide (MXenes)111 pores that aim to utilize material characteristics to 
obtain high-resolution, low-noise biomolecular sensors.  
In these experiments, the molecules, suspended in an ionic solution, are driven 
by an electric field through a nanopore within a thin membrane while the ionic current is 
monitored to detect the translocation of molecules across the nanopore, which typically 
Figure 1.2: DNA translocation through graphene nanopores. (a) Schematic of a double-stranded 
DNA molecule in a graphene nanopore suspended on a Si/SiO2/SiNx chip. Ionic current (A) is 
measured under an applied voltage (VB) across the pore. (b) TEM image of an ~ 8 nm diameter 
graphene pore. (c) Time trace of ionic current for the pore in (b), where drops in current 




appears as reductions in current (Figure 1.2). Atomically thin 2D membranes are ideal 
for nanopore devices as they exhibit larger ionic currents compared to thicker silicon-
based membranes and potential spatial sensitivity at the sub-nm scale for translocating 
molecules as only a small section of the molecule resides in the nanopore at a given 
time.40 While significant attention has been focused on electronic and ionic 
transmembrane characteristics, few studies have looked at the optical properties of 
these 2D membranes, a feature which could be further exploited for control over 
nanopore size and edge configuration. 
Here, we demonstrate the fabrication and characterization of a new class of 
optically active 2D nanopores in monolayer WS2 membranes. We report WS2 nanopore 
drilling with atomic resolution using a focused electron beam and subsequent effects on 
optoelectronic photoluminescence (PL) spectra. High ionic conductance and DNA 
translocations through these nanopores is also demonstrated. Furthermore, during laser 
excitation of these nanopores at low power densities (λ = 532 nm, power density = 3 
W/cm2), we note nanopore expansion at a rate of ~ 0.2-0.4 nm/s, potentially providing 
means to dynamically control nanopore dimensions in solution with short light pulses.  
1.3 Angstropores (0D) 
In recent years, there have been substantial interest in developing device 
architectures that closely mimic biological protein ion channels, for example 0.8 nm 
diameter carbon nanotubes (CNTs) and 0.6 nm thick graphite nanochannels.155 These 
structures enable novel studies of ionic and molecular transport phenomena in confined 
1D geometries, which is important to expanding their applications including biomedical 
drug delivery, water filtration, nanopower generation, and energy harvesting.148,161 




the steric hinderance from hydrated salt ions and the associated surface charge on 
channel walls.58 New developments in the transfer, processing, and structural 
modification of 2D materials now allow for the fabrication of angstrom-scale (Å) pores in 
atomically thin membranes.58,144,147 These quasi-0D channels possess diameters 
comparable to the sizes of hydrated ions and represent the ultimate low-dimensional 
limit in ionic and molecular transport. However, to date, there has been no analysis of 
individual sub-nm 2D pores, with most reports limited to the fabrication and ionic 
characterization of pore ensembles. 
A variety of techniques have been previously realized to fabricate angstropores 
and nanopores in 2D materials. A few examples include electron39,89,107 and ion147,149 
irradiation, electroporation,76 polymer patterning,157 and plasma etching.58,144 Of these 
methods, electron beam drilling enables the formation of individual pores while offering 
the most control over pore size and geometry. With the growing availability of aberration 
correction, transmission electron beams can now be highly focused to sub-Å probe 
sizes, allowing for unprecedented atomic-scale characterization and patterning.75 These 
recent advancements in electron microscopy have also opened new possibilities for 
nanofluidic device engineering: to controllably make atomic-scale angstropores in 2D 
materials with precise sizes, edges, and configurations.  
In this research, we fabricate devices containing a single sub-nm diameter 
monolayer MoS2 pore, corresponding to between 1 and 5 vacant transition metal atoms. 
Atomically precise fabrication is feasible due to our utilization of aberration-corrected 
scanning transmission electron microscopy (AC-STEM). The presented selected area 
exposure methodology uses an electron beam focused to below one angstrom to 
displace individual atoms in the 2D membrane. The resulting MoS2 angstropores have 




current-voltage behavior in a variety of salt solutions and concentrations. The ionic noise 
characteristics and ethanol-based wetting of these pores are also discussed. These 
observations provide a platform for future studies on quasi-0D ionic transport and yield 
direct insights into developing nanofluidic topics in such as hydration layer shedding, 
steric hindrance, and ionic selectivity.  
1.4 Nanoribbons (1D) 
Confining 2D materials into nanoribbons constitutes a major basis for developing 
1D nanoelectronics. Early studies on graphene nanoribbons (GNRs) demonstrated the 
opening of a tunable band gap based on ribbon edge configuration and width (< 100 
nm).49 This is highly desirable for improving on-off ratios and leakage currents in 
atomically thin 1D GNR transistors such that over a decade of intense research has 
been focused on their fabrication and electronic characterization.83 However, these 
paradigms have yet to be extended to the growing family of 2D materials, which offer a 
plethora of unexplored opportunities for device architectures and functionality. 
Recent density functional theory (DFT) studies indicate that similar to graphene, 
the transport properties of phosphorene nanoribbons (PNRs), such as band gap 
magnitude and charge carrier effective mass, are sensitive to both ribbon width and 
crystallographic orientation due to phosphorene’s strongly anisotropic in-plane and 
interplanar properties (Figure 1.3).45,167 Starting from 2D parent structures, top-down 
approaches have been developed to fabricate 1D nanoconstrictions and nanoribbons 
with either electron beam nanosculpting128 or optical- or electron-based lithography.146 
However, lithographic techniques for 2D materials do not allow the single- or few-atom 
control available in nanosculpting, which is critical for 1D devices where differences of 




nanosculpting is conventionally performed in a transmission electron microscope, which 
provides real-time, atomic resolution feedback of fabricated structures.143 
So far, no study has been reported for the fabrication of few-nm wide PNRs in 
the few-layer regime with controlled crystallographic orientations. While bottom-up, 
organic chemistry approaches have been extensively pursued for GNRs, an atom-by-
atom approach is unlikely to be developed soon for phosphorene due to its more 
complex chemistry, which makes it vulnerable to environmental degradation. Some of 
the narrowest PNRs were reported by Lee et al., who demonstrated anisotropic thermal 
conductivities for ribbons down to thicknesses of 50 nm and widths in the mesoscopic 
range of 500 nm.80 Watts et al. was able to fabricate sub-50 nm wide PNRs through a 
chemical technique known as ionic scissoring, but exhibited little control over ribbon 
orientation and width.164 Understanding the large number of phenomena resulting from 
1D confinement in phosphorene requires the ability to fabricate nanostructures with 
control at size scales small enough to delve into the regime of quantum confinement.  
Here, we report a top-down method that enables the first realization of 
nanopores, nanoribbons, nanogaps, and nanoconstrictions in suspended few-layer 
Figure 1.3: Anisotropic crystal structure of phosphorene. (a) Side view schematic of few-layer 
phosphorene showing the anisotropic puckered honeycomb lattice structure. (b) Side view 
showing the out-of-plane characteristic of a monolayer. (c) Top view showing the presence of two 
major crystallographic directions, zigzag (a1) and armchair (a2). This figure has been adapted 




phosphorene flakes produced by a combined mechanical-liquid exfoliation procedure. 
Using a TEM, we first drill nanopores in phosphorene flakes and show orientation-
dependent anisotropic pore expansion under uniform electron irradiation. Starting from 
nanopores, we fabricate oriented few-nm-wide armchair and zigzag PNRs with sub-nm-
precise scanning TEM (STEM) nanosculpting. We also complement our results with 
DFT-based transition state modeling of phosphorene edges and predictions of the 
electronic properties of 1D PNRs governed by strong confinement effects. 
1.5 Nanoporous Membranes (2D) 
Atomically thin nanoporous membranes containing large numbers of pores 
provide a wide range of opportunities for fluid filtration, molecular analysis, and energy 
generation. One example is water desalination applications, where there is a demand for 
high ionic selectivity and large throughput. Ultrathin 2D materials are ideal candidates 
since water transport scales inversely with membrane thickness, thus allowing for 
unprecedented water fluxes.51,144 It has also been demonstrated that atomic-scale pores 
are highly selective, generally allowing for the favorable transport of cations.118,148,159 In 
addition to ionic/molecular transport applications, nanoporous 2D membranes have been 
extensively tested as electrodes and catalysts for a range of photo- and electrochemical 
processes. For instance, it has been shown that edge sites in MoS2 display particularly 
high electrocatalytic activity during hydrogen evolution reactions.59,154 Recent studies 
have even established that that pores in 2D materials host novel quantum phenomena, 
for example optically-addressable spin defects in hBN.31 
Despite their favorable performance and array of applications, the ability to 
engineer porous 2D membranes with precise control over characteristics such as pore 




techniques for porous membrane fabrication in 2D materials have been reported in the 
literature including plasma etching,144 lithographic patterning,8,157 and thermal 
decomposition.67,94 Although these methods are scalable, they do not offer the level of 
precision necessary in nanofluidic applications, where Å-scale differences in pore size 
can drastically alter the ionic transport properties of a 2D membrane.58,147 Furthermore, 
these fabrication techniques have primarily been developed in the context of graphene 
and are unsuitable for the expanding collection of 2D materials. For example, O2 plasma 
etching has been used to produce pores in monolayer graphene144 but results in the 
oxidation and degradation of monolayer MoS2.57 Likewise, chemical syntheses for 
porous 2D materials based on solution-phase, sol-gel, and hydrothermal processes offer 
limited control over sample purity and porosity or fail to produce pore sizes below ~ 100 
nm.184 Due to their immense surface area to volume ratio, the transfer, cleanliness, and 
structural robustness of these 2D membranes are features that can significantly affect 
device performance and also need to be considered during the fabrication process.153,161 
In this thesis, we demonstrate three new techniques for the fabrication of 
nanoporous membranes in 2D materials beyond graphene: laser irradiation, focused ion 
beam (FIB) irradiation, and acid etching. Drawing on our observations from the laser-
induced expansion of single nanopores, the photo-oxidized formation of nanoporous 
WS2 membranes with tunable defect area and optoelectronic properties is described. 
Scaling up, we report the growth of cm-scale MoS2 thin films that possess a 
polycrystalline, matrix-like structure and can be etched in acidic mixtures to form robust, 
large-area nanoporous membranes. Also shown is the mm-scale production of pores 
with sizes from 50 nm down to 0.5 nm (i.e., a single atom) in monolayer TMDs by 
utilizing industry-standard ion beams. For all three techniques, atomic resolution electron 




measurements and optical spectroscopy are also employed to obtain a comprehensive 
picture by providing ionic transport and optoelectronic information, respectively. 
1.6 Antidot Arrays (2D) 
An antidot lattice is essentially a periodic array of holes embedded into a 2D 
material. From the simplest perspective, shifts in the energy levels are expected due to 
quantum confinement in the nanoconstrictions between the holes.124 The entire structure 
can be also construed as a network of curved nanoribbons in two dimensions. Effects 
due to antidot edge configuration and passivation/doping are expected due to their 
strong influence on the electronic properties of nanoribbons. The first experimental 
report demonstrated the fabrication of graphene antidot lattices with a combination of 
electron beam lithography and reactive ion etching. As shown in Figure 1.4, this study 
also crucially realized the opening of a transport gap (i.e., insulating behavior), where the 
gap increases as the confinement width is decreased.30 In addition, Raman 
Figure 1.4: Electronic transport properties of graphene antidot lattices. (a) Hall resistance and 
conductivity measurements showing magneto-oscillations and the quantum Hall effect. The 
predicted cyclotron orbit is shown in red in the bottom panel. (b) Temperature-dependent 
conductance measurements of an antidot lattice showing the presence of a nonzero transport 




spectroscopy has indicated the presence of systematic p-type doping in graphene 
antidot arrays, which is a result of edge doping.52 
Theoretical studies have been instrumental in predicting a tunable band gap in 
antidot lattices composed of graphene,124 MoS2,139 and hexagonal boron nitride.175 In the 
first theoretical demonstration of graphene antidots, nearly circular holes were centered 
in hexagonal supercells. The band gap was found to scale with KNR0.5/NT for values of 
the ratio up to around 0.02, where NR is the number of atoms removed from a supercell 
with NT total atoms and K is 25 eV. It was later shown that an integral parameter W 
could be used to characterize the hexagonal supercell, which revealed that the odd 
values had not been previously considered. In particular, the apparently off-centered 
placement of the circular hole in the supercell for odd W results in no band gap despite 
the presence of quantum confinement.120 Similar behavior was shown to occur for 
rotated triangular, rectangular, and honeycomb supercells, where only one third of the 
possible structures have a large band gap. Furthermore, the band gap is tunable for 
triangular and rhombohedral holes with armchair or zigzag edges in square supercells, 
and oscillates when plotted against particular geometric indices. Note that the band gap 
scaling follows the expected quantum confinement trends in general for the cases where 
there is no reduction by symmetry rules, i.e., the band gap increases as the constrictions 
between the holes are narrowed. To make a connection to experiments, one theoretical 
study considered holes deviating from regular shapes and showed that the symmetry 
rules resulting in a small band gap are less applicable as the disorder increases.114  
Engineering antidot lattices in 2D materials therefore offers a viable method 
through which electronic and vibrational properties can be precisely controlled. In this 
work, we show the first reported fabrication of antidot lattices in few-layer phosphorene 




resulting antidot arrays have radii down to 13 nm and exhibit phononic quantum 
confinement of in-plane vibrational modes observed with Raman spectroscopy. A 
thorough study of antidot electronic properties calculated with DFT, such as band gap, 







2. DEVICE FABRICATION 
2.1 Synthesis of 2D Materials 
2.1.1 Exfoliation and Solution Processing 
 The variety of 2D materials that were utilized in the projects described here 
include TMDs such as MoS2 and WS2 in addition to mono-elementals such as graphene 
and phosphorene. In particular, the latter was successfully isolated for the first time 
around 2014 and does not enjoy the comfort of a bottom-up growth process, which is 
typically developed over many years based on the interest, crystal structure, and 
atmospheric stability of a 2D material.88 Nevertheless, top-down fabrication methods 
such as mechanical and solvent-based exfoliation have been shown to produce high 
quality 2D materials with superior optical and electronic properties compared to their 
CVD-grown counterparts. We therefore resort to the top-down exfoliation of 
phosphorene in order to fabricate nanostructures and probe consequent changes in 
material properties. 
 Phosphorene flakes were mechanically exfoliated from bulk black phosphorus 
(BP) crystals onto a SiO2 substrate using blue Nitto tape. The flakes were further 
exfoliated by sonicating this SiO2 substrate in dimethylformamide (DMF) for 60 minutes. 
Unexfoliated material remained on the tape, in contrast to the reported liquid exfoliation 
procedures which require centrifugation to remove bulk BP.50 The BP-DMF dispersions 
contain few-layer (< 20 nm) flakes and are suitable for deposition onto TEM-compatible 
membranes, which cannot withstand harsh mechanical exfoliation techniques. After 
sonication, BP-DMF dispersions were drop-cast onto holey carbon grids or holey silicon 




detrimental effects on hole mobility, on/off ratio, and surface roughness from water and 
light-induced oxidation,33 all samples were stored in the dark, in vacuum (~ 10 mTorr).  
Figure 2.1 shows the deposition of few-layer phosphorene flakes and their 
structural characterization. Suspended few-layer phosphorene flakes were identified on 
substrates using optical microscopy (Figure 2.1a). Atomic force microscopy (AFM) scans 
of suspended flakes on holey SiNx membranes indicated sample thicknesses from 11 to 
20 nm, including the 13 nm sample in Figure 2.1b. Using high-angle annular dark-field 
(HAADF) STEM imaging, which produces mass-contrast images, flakes suspended on 
holey carbon TEM grids were found to have thicknesses in agreement with AFM results 
and consistent with previous studies.97 In addition to AFM and optical evidence, we 
confirmed flake suspension with TEM (Figure 2.1b inset).  
In few-layer phosphorene, layers are stacked in an AB fashion (similar to bulk), in 
which adjacent layers are shifted by one half-lattice-constant in the zigzag direction.18 
Figure 2.1c includes a STEM simulation (top) and a schematic illustration (bottom) of this 
arrangement in bilayer phosphorene. Due to phosphorene’s AB-stacked configuration, 
we observe a structure with half-lattice-constants a1’ (1.67 Å) and a2’ (2.24 Å) compared 
Figure 2.1: Exfoliation and deposition of phosphorene flakes. (a) Optical micrograph of a holey 
SiNx membrane after few-layer phosphorene deposition. (b) AFM image of a suspended few-layer 
sample indicated by the white square in (a) and an AFM linescan across the SiNx/BP interface 
indicating a 13-nm-thick flake. The inset is an HRTEM image of the flake. Inset scale bar is 1 μm. 
(c) STEM simulation (top) and illustration (bottom) of AB-stacked bilayer phosphorene with zigzag 
and armchair lattice constants a1 and a2, respectively, in addition to half-lattice-constants a1’ and 




to the phosphorene basal plane lattice parameters a1 (3.34 Å) and a2 (4.47 Å) along the 
zigzag and armchair directions, respectively.129  
2.1.2 Chemical Vapor Deposition Growth 
 With the exception of phosphorene (see previous section), the other 2D materials 
implemented in these experiments (graphene, hBN, MoS2, MoS2 films, WS2, MoSe2, and 
WSe2) were grown through chemical vapor deposition (CVD) growth. CVD processes 
generally involve high-temperature chemical reactions between a substrate such as Cu 
foil or atomically-flat SiO2 and precursor gases and/or solid-state particles. Extensive 
work spanning over a decade has been performed on developing CVD techniques for 
the high-quality, scalable, and cost-effective synthesis of graphene.178 In comparison, 
processes for other 2D materials are still being developed but have been accelerated by 
the paradigms already established by graphene.  
 While the vast majority of results described in this work are focused towards the 
patterning and applications of 2D materials, significant efforts were devoted to 
establishing high-temperature CVD equipment and developing successful growth 
recipes. These time-intensive experiments were conducted with assistance and 
guidance from innumerable others over a period of roughly six years. Furthermore, the 
quality of these CVD-grown nanomaterials were consistently and thoroughly analyzed 
with high-resolution structural and optical characterization methods. The consequent 
extensive in-house CVD growth framework in our lab today has enabled unprecedented 
levels of device fabrication and facilitated many of observations presented in this thesis. 
Three examples of 2D TMDs (MoS2, MoS2 films, and WS2) are briefly provided here. 
Monolayer MoS2 and WS2 flakes were grown using processes based on the work 




growth promoter and 18 (15) mM ammonium heptamolybdate (metatungstate) were 
spun onto piranha-cleaned Si substrates coated with 300 (150) nm of SiO2, which were 
then loaded into the center of a 1-inch tube furnace (Thermo Scientific Lindberg/Blue M). 
For the MoS2 growth, samples were heated under N2 gas flow (700 sccm) at a rate of 
70°C/min and held at 750°C for 15 minutes. For WS2, samples were heated in Ar (100 
sccm) at a rate of 65°C/min and held at 800°C for 10 minutes, during which time 15 
sccm of H2 was also added. Approximately 100 mg of sulfur precursor placed 22 cm 
from the substrates was kept at 180°C with a heating belt during the growth procedures. 
Both samples were rapidly cooled to room temperature by cracking open the furnace 
and switching on fans. The monolayer TMD crystals resulting from these recipes were 
utilized for nanofluidic, optoelectronic, and in situ control experiments. 
Figure 2.2 shows an example of CVD-grown WS2 monolayers from the process 
described above. An AFM map of the flake (Figure 2.2b) shown in Figure 2.2a reveals a 
thickness of ~ 0.7 nm, which agrees with the reported thickness of monolayer WS2. 
Using Raman spectroscopy, we observe the  E12g (353 cm-1) and A1g (418 cm-1) modes 
of monolayer WS2 as well as the Si peak from the substrate, centered at 521 cm-1 
Figure 2.2: Characterization of CVD-grown monolayer WS2 flakes. (a) Optical micrograph and (b) 
AFM scan of a monolayer WS2 crystal. The line profile in white indicates a thickness of 0.7 nm, 
which corresponds to a monolayer. (c) Raman spectrum of a WS2 flake with corresponding in-
plane (E12g), out-of-plane (A1g), and Si phonon modes indicated. (d) Gaussian blur-filtered AC-





(Figure 2.2c).26 The peak at 311 cm-1 that is typically associated with multilayer flakes is 
notably absent, thus confirming the presence of monolayers. Figure 2.2d is an 
aberration-corrected scanning transmission electron microscope (AC-STEM) image of a 
freestanding WS2 monolayer suspended on a perforated carbon grid. The tungsten 
(bright white) and sulfur (gray) atoms are clearly visible. Defect quantification using AC-
STEM imaging of both MoS2 and WS2 grown with these recipes is provided later in 
Section 4.4.1. Selected-area electron diffraction (SAED) patterns (inset) also confirm the 
expected hexagonal lattice of the 2H phase of WS2 monolayers. 
In addition to monocrystalline TMD monolayers, we have also developed a CVD 
process for the growth of cm-scale polycrystalline MoS2 films through a modified 
sulfurization technique that has previously been reported.5,7 A cm-scale piece of Mo foil 
(Alfa Aesar, 0.025 mm thick) was first sonicated in 30% acetic acid for 15 minutes. The 
foil was then washed with deionized (DI) H2O, blow dried with N2 gas, and positioned in 
the middle of a 1-inch diameter tube furnace (Barnstead Thermolyne 21100). The foil 
was placed directly on quartz plates in a quartz boat in order to limit MoS2 growth to one 
side. After being flushed with N2 gas (1000 sccm), the furnace was heated to 800°C with 
a ramp rate of 70°C/minute and a N2 flow rate of 100 sccm. The furnace was then held 
at 800°C for 5 minutes under a N2 flow rate of 700 sccm while 25 mg of sulfur, placed 23 
cm away from the foil, was kept at 180°C with a heating belt. Afterwards, the system was 
rapidly cooled by shutting off the furnace, sliding the foil out of the furnace, and turning 
on cooling fans. Additional details on the sulfurization process and structural 
characterization of the resulting MoS2 films, which were utilized to fabricate large-scale 
nanoporous TMD membranes, are provided later in Section 4.3.2.  
In general, we observe that CVD growth recipes, such as these and others 




of independent variables involved. Specifically, we re-optimize these recipes once a year 
by fine-tuning dominant parameters such as the gas flow rate, precursor concentrations, 
and growth time/temperature. While growth was not the primary focus of this research, 
tremendous efforts by groups across the field of 2D materials are being undertaken to 
standardize not only CVD processes, but also the related literature.86 
2.2 Transfer of 2D Materials 
2.2.1 Wet Transfer 
 In recent years, the transfer of 2D materials from growth substrates to device 
platforms has received increasing attention. This is mainly due to the fact that strain and 
charge impurities introduced during transfer can drastically affect the behavior of finished 
devices.35,110 In this research, we specifically seek a transfer process of TMDs which 
facilitates nanopore fabrication and TEM imaging by enabling micron-level positioning 
and yielding minimal polymer residue. Based on specific experiments, we utilized either 
a dry stamping transfer that allows precise flake placement or a wet chemical etch 
transfer that produces relatively clean TMD flakes. The latter is described here while a 
description of the former is provided in the next section. 
TMD crystals were transferred from Si/SiO2 growth substrates to holey carbon 
TEM grids and Si/SiNx nanofluidic chips using a wet etch technique. Flakes were first 
broken into mm-sized pieces, taped to a glass cover slip, spin-coated with C4 PMMA, 
and allowed to dry at room temperature for 30 minutes. The PMMA-MoS2-Si/SiO2 stack 
was then floated in a room temperature aqueous 1 M KOH solution for 3-4 hours to etch 
away the underlying substrate. After being transferred multiple times to DI H2O, crystals 
were scooped onto chips and dried at room temperature for 30 minutes. The scooping 




monitor flake position. Polymer liftoff was then performed using an acetone bath at 60°C 
for a minimum of 5 hours. Before measurements, samples were exposed to rapid 
thermal annealing at 250-350°C for 90 minutes in Ar:H2 gas. To minimize atmospheric 
contamination, devices were typically fabricated no more than 5 days prior to 
experiments and stored in vacuum when not in use. 
2.2.2 Dry Transfer 
Dry transfer processes that make use of viscoelastic stamps have been shown to 
introduce less polymer contamination/strain and are particularly well-suited to exfoliated 
2D materials.17,110 The technique developed here makes use of Kapton tape and a 
mechanical positioning arm to allow TMD flake deposition with micron-scale precision.  
Figure 2.3: Schematic and optical images of the dry transfer process. (a-f) Schematic of the dry 
transfer process showing the wet etching of TMD flakes in a KOH bath and subsequent 
positioning using a Kapton tape assembly. (g-i) Optical images of TMD flakes (example flake 




The transfer process is outlined in Figure 2.3. TMD flakes are first isolated from 
the growth substrate by spin coating PMMA and etching away the silicon oxide with 1 M 
KOH over a period of 2 hours (Figure 2.3b-c). The etching is followed by washing the 
PMMA/flakes of residual KOH in an H2O bath. The assembly is then lifted out of H2O to 
float on a glass slide as shown in Figure 2.3d. Double-sided Kapton tape on a separate 
glass slide is used to pick up the PMMA/flakes (Figure 2.3e). This slide is then attached 
to a plastic arm which is installed on a micro-manipulator stage and positioned over the 
substrate such that the flake is above the desired final position, as depicted in Figure 
2.3f. The microscope stage is then carefully raised until the surface comes into contact 
and is in focus with the desired flake (Figure 2.3h). The entire assembly is heated on a 
hot plate at 175 °C for 20 minutes to further ensure contact. It is then allowed to cool 
down in air for 5 minutes and placed in an acetone bath for at least 12 hours to dissolve 
the PMMA. The sample is then removed and dried with N2 gas. In both the wet and dry 
transfer processes, we have implemented a combination of AC-STEM imaging, 
Raman/PL spectroscopy, and AFM to characterize structural properties such as strain 
and defect density in the final transferred devices. 
2.3 Lithography and Nanofabrication 
2.3.1 Photolithography (Wafer Fabrication) 
 Fabricating nanostructures in atomically thin materials necessitates a supporting 
architecture that is cross-compatible with TEM imaging and nanofluidic measurements, 
among others. In this work, we use a well-studied Si-based platform passivated with 
either optically reflective SiO2 or electron transparent SiNx. Industry-standard 





windows at the wafer scale. Many of the processes described briefly below can be found 
in comprehensive detail in a report by Danda et al.24  
 The fabrication recipe for Si support substrates with suspended SiNx windows is 
shown schematically in Figure 2.4. 100 nm of low-stress SiNx was first deposited on 500 
µm thick 4” Si wafers containing 5 µm of SiO2 (Figure 2.4a). Modified versions of the 
recipe were also utilized for platforms without SiO2, for example the devices exhibited in 
Section 5.1. The wafers are coated with negative photoresist (NR7), exposed to UV 
Figure 2.4: Lithographic patterning and etching of Si/SiO2/SiNx chips. (a-i) Photolithography, 
RIE/HF etching, and KOH etching steps to fabricate free-standing SiNx windows. (j) Optical image 
of the trench side of a wafer with ~ 100 chips. (k) SEM image of a 50 µm × 50 µm square free-




irradiation with a photomask, and developed (Figure 2.4b-d). During this process, the 
top, window-side of the wafer is protected with a positive photoresist (S1818) to prevent 
damage of the SiNx. The wafer with patterned resist is then exposed to reactive ion (RIE) 
and HF etching to remove the SiNx and SiO2 layers, respectively (Figure 2.4e-f). At this 
point, the wafer is fully immersed overnight in a heated (65°C) KOH solution, which 
causes anisotropic etching at a ~ 54° angle to the <100> Si plane and forms a trench-
like opening (Figure 2.4g). Finally, we etch the remaining SiO2 layer in HF. The end 
result is a 4” wafer containing 5 mm × 5 mm chips with square 100 nm thick, 50-60 µm 
wide suspended SiNx windows (Figure 2.4i-k). These custom-designed substrates serve 
as the basis for the vast majority of nanostructure experiments in this work. 
2.3.2 Electron Beam Lithography 
 In the context of 2D compounds, electron beam lithography (EBL) offers a route 
for patterning materials and metallic structures such as electrical contacts and ring 
resonators with nm-scale precision. While EBL was heavily utilized in this work for a 
variety of purposes, we present here one example which highlights its cutting-edge 
capabilities. Another example, using EBL to pattern small diameter (~ 26 nm) antidot 
lattices in phosphorene, can be found in Section 3.3. 
 Figure 2.5 shows how EBL can be conventionally used to form electrical 
contacts/leads with 2D materials. Using optical lithography and microfabrication, 60 µm 
wide TEM windows are first produced in the center of 3 mm × 5 mm Si/SiNx substrates. 
Electrical leads and contact pads are then aligned and deposited adjacent to the window 
with physical vapor deposition (Figure 2.5a). PMMA-covered MoS2 flakes grown via CVD 
are positioned using an optical microscope and transferred on top of the window (Figure 




and patterned with EBL (Figure 2.5c). We use either an Elionix ELS-7500EX operating 
at 50 kV or a JEOL JSM-6400 operating at 30 kV for EBL. (d) 5 nm/40 nm of Cr/Au are 
then put down using physical vapor deposition (Figure 2.5d). The Si/SiNx chip then 
undergoes wire bonding to a ceramic chip carrier, which is placed in a 6-lead electrical 
biasing holder (Hummingbird Scientific) for in situ measurements (Figure 2.5e-f). The 
complex geometry and nm-scale electrical contacts of the resulting TEM-FET is only 
possible through the use EBL (see Section 5.1 for further results on TEM-FETs).  
2.3.3 Electron Beam Nanosculpting 
In electron microscopy, STEM beams can be highly focused to sub-nm diameters 
(i.e., FWHM). These focused beams can be rastered over a region of interest to form 
STEM images or controllably maneuvered via software with sub-nm precision to cause 
nanomaterial thinning and ablation through knock-on and radiolysis damage. STEM 
nanosculpting has previously been demonstrated in graphene37 but was extended in this 
work to the expanding family of 2D materials.101 We use nanosculpting for a wide variety 
of purposes, most notably forming 1D nanoribbons in phosphorene as well as 0D 
Figure 2.5: TEM-FET fabrication process using electron beam lithography. Optical images of a 
TEM-FET device (a) before MoS2 transfer, (b) after MoS2 transfer, (c) after EBL patterning, and 
(d) after metal (Cr/Au) deposition. (e) The Si/SiNx chip then undergoes wire bonding to a ceramic 
chip carrier, which is (f) placed in a 6-lead electrical biasing holder (Hummingbird Scientific) for in 




nanopores in MoS2 and WS2. We provide an example of the former here, while more 
details can be found in Sections 3.2, 4.1, and 4.2.  
Few-nm wide phosphorene nanoribbons were fabricated via nanosculpting with 
the following process. Two adjacent nanopores were first nanosculpted in a 
phosphorene flake with a focused STEM beam (probe size = 0.15 nm, probe current = 
300 pA). The use of computer-controlled STEM scan coils enables precise, sub-nm 
positioning of the beam. The phosphorene was then sculpted along either the zigzag or 
armchair direction until the material between them constituted a nanoribbon. Figure 3.3 
shows STEM images of two nanosculpted phosphorene nanoribbons. While 
nanosculpting is arguably not as scalable EBL, it offers an unprecedented level of 
structural manipulation and is particularly well-suited to atomically thin 2D materials. 
2.3.4 Focused Ion Beam Irradiation  
Ion beams that can be focused into sub-100 nm diameter probes are ubiquitously 
employed in the semiconductor industry for micromachining and doping applications. 
Here, we utilize FIB irradiation for primarily two purposes. The first involves the drilling of 
few hundred nm diameter holes in Si/SiNx platforms (see Figure 4.5b), which facilitates 
nanofluidic experiments. The second is the unconventional fabrication of sub-nm defects 
in free-standing or substrate-supported monolayer TMDs, which we use for ionic 
transport and optoelectronic experiments. We overview this specific process here but 
more details can be found in Sections 4.3.1 and 4.4.1. 
2D materials were irradiated with a Ga+ sourced ion beam FEI Strata-Dual Beam 
235 instrument. The acceleration voltage of the ion beam was set to 30 kV and incident 
normal to the surface. The beam spot size was observed to be 100 nm for a flash 




250 µm was irradiated with the dwell time (16 µs), current (10 pA), and pixel resolution 
(1024×884) kept constant. The exposure is carried out in imaging mode which follows a 
raster pattern where the beam sequentially exposes each pixel in a row (see Figure 
4.15a). The FIB used here also has an option referred to as grab frame, which takes a 
single scan at a set resolution. This option was employed for all our scans. The 
irradiation dose is varied by changing the number of successive scans. Suspended and 
substrate-supported 2D samples were exposed to FIB irradiation while sitting on holey 
carbon TEM grids and Si/SiO2 substrates, respectively. The use of industry-standard FIB 
instrumentation to produce atomic-scale defects presents a range of new opportunities 
towards the scalable manufacturing and application of 2D materials. 
2.4 Characterization - Optical Spectroscopy 
2.4.1 Raman Spectroscopy 
To provide a picture of the phonon and bonding structure in 2D materials, Raman 
spectroscopy is widely employed. We use individual Raman spectra and 2D spatial 
maps in this work to probe the effects of nanostructure formation on vibrational 
properties. For example, probing the degree of defectiveness in monolayer MoS2 
exposed to FIB irradiation or phononic quantum confinement in phosphorene antidot 
lattices. Unpolarized Raman experiments were performed using an NTEGRA Spectra 
system with an 1800 lines/mm grating (0.5 cm-1 resolution) attached to a Si CCD 
detector. The 532 nm (green) Nd:YAG laser excitation has a spot size of roughly 400 nm 
and was kept at a power below 150 µW to avoid laser-induced heating.95 Spectral maps 
were taken using a dwell time of at least 10 seconds per pixel and fit to Lorentzian 
vibrational modes with custom-scripted MATLAB software. To baseline correct, spectra 




(arPLS) filter.122 Examples of Raman spectra for monolayer WS2 before and after the 
positioned transfer process described in Section 2.2.2 are shown in Figure 2.6d. The 
transfer and subsequent annealing processes cause changes in strain that are 
discerned by intensity shifts of the in-plane 2LA(M) and E12g modes. 
2.4.2 Photoluminescence Spectroscopy 
 In comparison to Raman spectroscopy, photoluminescence (PL) spectroscopy 
can be used to probe optoelectronic excitations over a broader energy range. It is a 
particularly powerful technique for the analysis of TMDs, which exhibit anomalously 
strong PL signatures due to their reduced dielectric screening and direct band gap in the 
monolayer limit. PL was implemented in this work to primarily characterize how 
nanostructures such as pores or sub-nm defects affect electronic states such as 
excitons, trions, and defect-bound excitations. PL experiments were performed at room 
Figure 2.6: PL and Raman spectra of monolayer WS2. (a) Optical image of monolayer WS2 flake 
on a perforated silicon nitride grid, outlined in red, and (b) corresponding PL map with a 532 nm 
laser. PL spectra for suspended (black dot), supported edge (red dot), and supported center (blue 
dot) are plotted in (c). The neutral exciton peak, X0, at ~ 2.02 eV, trion peak, XT, at ∼ 1.98 eV, and 
defect peak, XD, at ∼ 1.88 eV are shown with dotted lines. The edge (red) and center (blue) 
spectra are multiplied by a factor of 4 for better illustration. (d) Raman spectra for as-grown, 




temperature with a 150 lines/mm grating (10-3 eV resolution) on an NTEGRA Spectra 
system. Multiple incident wavelengths including 660 nm (red) and 532 nm (green) were 
used. PL maps were acquired with a dwell time between 0.1 to 2 seconds per pixel and 
fit to optoelectronic modes using custom-scripted MATLAB software. Figure 2.6a-c show 
the PL spectra for suspended and SiNx-supported monolayer WS2 at various locations 
across the flake. The PL signature is strongly quenched in supported regions due to 
charge doping of the underlying substrate. 
2.4.3 Atomic Force Microscopy 
 For atomically thin 2D materials, atomic force microscopy (AFM) is a highly 
valuable technique that involves rastering a nm-scale mechanical tip over a surface at a 
Figure 2.7: Thickness of few-layer phosphorene flakes measured with AFM during O2 plasma 
thinning. Exposure parameters were set to 150 W, 30 sccm, and 45 mTorr. The zero-slope region 
corresponds to the formation of an oxide passivation layer followed by a constant period of layer-
by-layer etching at a rate of ~ 1 layer per 10 seconds (0.66-1.1 Å/s). Using concurrent Raman 
and AFM measurements, the thickness of this capping oxide layer was seen to remain constant 
(17 nm) during the layer-by-layer etching procedure, consistent with previous reports. An error of 




constant potential. AFM essentially bypasses the optical diffraction limit and provides a 
wealth of information about surface topography and conductivity, among others. Here, 
AFM experiments were performed on a Bruker Dimension Icon operating in tapping non-
contact mode under ambient conditions. Scans were occasionally conducted in an inert 
N2 atmosphere when dealing with air-sensitive phosphorene samples. AFM was heavily 
used in a variety of capacities in this work. For example, AFM provided direct 
 quantitative characterization of CVD-grown TMD materials. Figure 2.2b shows an AFM 
scan of a monolayer WS2 flake with an expected thickness of 0.7 nm. As shown in 
Figure 2.7, we also used AFM to study the time-dependent thickness and formation 
rates of phosphorene oxide passivation layers during oxygen plasma etching of 
exfoliated phosphorene flakes. 
2.4.4 Laser Irradiation of Nanopores 
 In these studies, we demonstrate the formation of nanopores and nanoporous 
membranes in suspended monolayer WS2 membranes using a laser-assisted photo-
oxidation process (see Sections 4.2 and 4.4.2). Images of the custom-built illumination 
setup contained within an electromagnetic noise-cancelling Faraday cage are provided 
Figure 2.8: Schematic and optical images of the laser irradiation setup. A 532 nm laser excitation 
first travels through an ND filter, which is used to control the incidence power. The beam then 
reflects off a dichroic mirror and into a 60X water immersion objective, which is focused onto the 
suspended WS2 membrane. An aqueous environment is necessary for the photo-oxidation 




in Figure 2.8. Suspended WS2 membranes were first immersed in DI water and located 
optically using a 10X dry (spot size ~ 1.0 µm) or 60X water immersion (spot size ~ 0.5 
µm) objective lens with an integrated CMOS camera. A green laser (λ = 532 nm, P = 5 
mW) was then focused on the membranes and turned on/off with an external switch. The 
incidence power of the laser (i.e., irradiation dose) is controlled via a step variable 
neutral density (ND) filter. In our experiments, either DI water of 1 M KCl solution 
provides the necessary oxidizing environment for the photo-oxidation reaction. Due to 
their higher refractive index, aqueous solutions allow for a higher numerical aperture 
(NA) objective lens, which localizes the effects of photo-oxidation. This laser irradiation 
setup exploits a novel combination of optics, nanofluidics, and low-noise electronics to 
demonstrate the relatively low-cost and rapid fabrication of nanoporous 2D materials. 
2.5 Characterization - Electron Microscopy 
2.5.1 Transmission Electron Microscopy 
 As one of the fundamental characterization techniques in materials science, 
transmission electron microscopy (TEM) has been instrumental in the development of 
2D materials.75 By looking at the features of electrons reflected by an ultrathin (typically 
< 100 nm) sample, TEM provides an unparalleled multitude of structural, chemical, and 
electronic information down to the single-atom level. TEM was ubiquitously employed in 
every part of this work, from the electron beam nanosculpting of few-nm wide 
phosphorene nanoribbons to the quantification of sub-nm defects in FIB-irradiated 
monolayer TMDs. While specific images are not referred to now, TEM micrographs of 
numerous 2D materials (graphene, hBN, MoS2, MoS2 films, WS2, MoSe2, and WSe2) can 




 TEM experiments were performed on either a JEOL 2010F (Figure 2.9a) or JEOL 
F200 (Figure 2.9b), both operating at 200 kV. The former contains a Schottky field 
emission probe with currents of between 0 and 70 nA (sample incidence). The latter is a 
cold field emission instrument with beam currents of up to 23 nA. Each instrument’s 
phosphor screen was used to measure current values. In particular, the ability to tune 
beam current as a function of ‘spot size’ is important for the operation of TEM-FET 
devices in this work, as discussed later in Section 5.1. TEMs were operated in either 
high resolution (HRTEM) phase contrast or scanning (STEM) high-angle annular dark-
field (HAADF) mass contrast mode. Nanopores and nanoribbons in 2D materials were 
drilled by fully focusing (i.e., condensing) the electron beam to a FWHM of ~ 1 nm, 
typically for between 1 and 10 seconds. When imaging 2D materials, the exposure 
current was minimized to prevent the formation of defects and vacancies.122 
 Selected-area electron diffraction (SAED) was also extensively used to 
characterize the crystal structure of various 2D materials. It was particularly utilized in 
the nanosculpting of oriented zigzag and armchair phosphorene nanoribbons. SAED 
patterns were obtained on the aforementioned TEM tools through a selected area 
aperture with an effective diameter of 1 um. Samples (specifically multilayer flakes) were 
tilted to the [001] zone axis before collecting patterns. Examples of SAED data for 
monolayer WS2, multilayer phosphorene, and multilayer (polycrystalline) MoS2 can be 
found in Figures 2.2d, 3.1b, and 4.11f, respectively.   
2.5.2 Aberration-Corrected Scanning Transmission Electron Microscopy 
 Over the past two decades, the advent of aberration-corrected electron optics 
has led to ground-breaking developments in the TEM field. In particular, the imaging and 




levels.62 The research presented in this thesis has benefitted immensely from aberration-
corrected scanning TEM (AC-STEM). Many of the experiments and conclusions we 
report would in fact not be possible without access to the atomic resolution images and 
electron energy loss spectroscopy (EELS) data enabled by AC-STEM. For example, AC-
STEM has been instrumental in the study of quasi-0D ionic transport reported in Section 
4.1 by allowing for the fabrication and imaging of few-atom wide MoS2 angstropores. 
Similarly, the ability to discern atomic-scale features in patterned vdW bilayers and 
heterostructures (see Section 5.2) would be severely hindered without aberration-
corrected HAADF STEM images.  
AC-STEM experiments were performed on a spherical aberration-corrected 
JEOL ARM200F at the Electron Microscopy and Nanofabrication Facility of Lehigh 
University. Depending on the 2D material, the instrument was operated at either 200 kV 
(phosphorene) or 80 kV (graphene, hBN, and TMDs). Probe correction (commonly 
referred to as ASCOR tableau) was performed prior to each round of experiments with a 
Figure 2.9: Images of the three TEMs used in this work. (a) JEOL 2010F and (b) JEOL F200 
TEMs at the University of Pennsylvania. (c) JEOL ARM200F at the Electron Microscopy and 
Nanofabrication Facility of Lehigh University. All three instruments provide powerful, and different, 




final spherical aberration coefficient Cs of 100-200 nm. Unless otherwise noted, images 
were obtained using a HAADF STEM detector with a collection angle of 68-280 mrad 
and 40 µm condenser aperture. The FWHM of the corrected probe is ~ 100 pm (1 Å). 
Drilling and nanosculpting was performed with a probe current of 140 pA. We note that 
significant efforts were taken to minimize the formation of defects during AC-STEM 
imaging. While the possibilty of knock-on damage in the 2D materials tested here is 
relatively small under low electron doses,171 we nevertheless utilize a relatively low 
probe current and dwell time of 22 pA and 32 µs/pixel, respectively, when imaging. This 
is particularly important when viewing nanoporous membranes, such as the FIB-
irradiated TMDs in Section 4.4.1, since the production of additional defects during 
imaging could incorrectly alter ensemble structural characteristics. Similarly, the 
formation of multiple nanopores during the 2D pore drilling process could skew later 
analysis of corresponding ionic transport data. Acquired AC-STEM images were 
exposed to either an average background substraction or Gaussian blur filter. Structural 
and compositional analysis was performed using custom-scripted MATLAB and ImageJ 
software. 
2.5.3 In Situ Electron Microscopy 
 In addition to aberration correction, in situ studies that combine the atomic 
resolution capabilities of TEM with the growing array of electrochemistry, gas/fluid flow, 
and high/low temperature TEM holders have emerged as powerful tools for 2D 
nanoscale characterization.134 Here, we employ in situ techniques to present two novel 
demonstrations of controlling the structural and electronic properties of 2D materials 
inside of a TEM column. First, an electrical biasing TEM holder is used to show the in 




charging of the underlying SiNx substrate (Section 5.1). We also exhibit the in situ 
atomic-scale structural manipulation of vdW bilayers and heterostructures, showing that 
the intrinsic periodicities in these systems can be utilized for patterning/thinning porous 
superlattices (Section 5.2). 
The fabrication process for TEM-FET devices is shown in Figure 2.5. 60 µm wide 
electron-transparent windows were first fabricated using conventional photolithography 
(Section 2.3.1) in 100 nm thick LPCVD-deposited low-stress SiNx sitting on 290 µm thick 
Si substrates. 5/40 nm thick Cr/Au contact pads were then patterned around the 
windows with physical vapor deposition. CVD-grown monolayer MoS2 flakes were then 
transferred to the windows using the KOH-based wet etch procedure described in 
Section 2.2.1 and electrically connected to the pre-patterned contact pads using electron 
beam lithography. These substrates were then connected to a custom chip carrier with 
wire bonding (Al), which is inserted into a 6-lead electrical biasing Hummingbird 
Scientific in situ TEM holder. Transport measurements of these TEM-FETs were 
performed using two-terminal DC and Ids-Vds measurements with a Keithley 2410 
SourceMeter. Beam-current-dependent Ids-Vds sweeps were acquired in random order to 
eliminate sampling bias. Unless otherwise noted, Vds was kept below 200 mV to 
minimize Joule heating. Measurements were acquired and processed with custom 
Python and Matlab scripts. 
For TEM-FETs, in situ measurements were taken in a JEOL F200 operating at 
200 kV in HRTEM mode. In situ experiments of vdW superlattices were performed in an 
aberration-corrected JEOL ARM200F operating at 80 kV in HAADF STEM mode. The 
beam current in both instruments was modulated by changing the ‘spot size’ (i.e., 
strength of CL1) and calibrated using an ammeter connected to the instrument’s 




experiments. During superlattice patterning, a dose of ~ 1×108 e-/Å2 was used for 
material thinning while a dose of ~ 2×108 e-/Å2 resulted in pore formation. TEM and AC-

















3. PHOSPHORENE NANOSTRUCTURES 
3.1 Nanopores (0D) 
In a TEM, high-resolution (HRTEM) images are formed by irradiating a region of 
interest with an electron beam and monitoring transmitted electrons. The electron beam 
can also be focused into a small probe and used to drill nanopores, as reported in other 
materials such as graphene,107 MoS2,89 and SiNx.133 Here, nanopores are drilled in 
suspended few-layer phosphorene flakes such as the sample shown in Figure 3.1b.101 
The selected area electron diffraction (SAED) pattern shown in the inset indicates the 
orthogonal orientation of the zigzag (200) and armchair (020) axes. Nanopores such as 
the 10 nm diameter one in Figure 3.1c were drilled by focusing a TEM beam (probe size 
∼1.0 nm, probe current = 8.0 nA) for ∼1−2 s. Using the orientation of the SAED pattern, 
which agrees with orientations seen in high-resolution lattice images, L200 and L020 
correspond to nanopore dimensions along the zigzag and armchair directions, 
respectively (Figure 3.1a).  
After initial drilling, the ratio of L200/L020 was 1.0 as expected for an approximately 
circular pore. Under an additional 15 min of uniform electron beam irradiation (current 
density = 6.1×10−2 pA/nm2) in HRTEM imaging mode, L200/L020 is found to increase to a 
value of 1.4, showing preferential expansion in the zigzag direction (Figure 3.1c−f), 
leading to the evolution of the initially circular structure into an elliptical pore. This is 
similar to the results of Fortin-Deschênes et al., who reported sublimation-induced, eye-
shaped crack propagation along the (100) direction at temperatures between 400 and 
500°C.38,94 Moving beyond pore formation, the creation of nanoconstrictions and 




simultaneously exposing them to broad electron-beam irradiation in order to narrow the 
region between them (see Section 3.2). 
To explain the anisotropic opening of nanopores under uniform electron-beam 
irradiation, we calculated the energy barriers for removing single atoms from several 
known phosphorene edges. We employed first-principles calculations within DFT and 
energy barrier evaluation using the nudged elastic band (NEB) method (see Appendix 
B). Single unit cells of the five edges used and the corresponding edge energies of the 
supercells used are given in Figure 3.2a. We considered three zigzag edges (ZZ-1, 
ZZRC-i, and ZZRC-o) and one armchair edge. The ZZRC-i85 and ZZRC-o132 edges are 
stable reconstructions of the ZZ-2 edge. The resulting energy landscapes shown in 
Figure 3.2b indicate that the overall energy barrier is the absolute value of the energy 
change itself. For armchair, ZZ-1, ZZRC-i, and ZZRC-o, the corresponding energy 
Figure 3.1: Phosphorene characterization and elliptical pore expansion. (a) HAADF STEM image 
of the phosphorene lattice indicating lattice spacings (the inset is the corresponding fast Fourier 
transform). (b) HRTEM image and corresponding selected area electron diffraction pattern (inset) 
of a flake suspended on a holey carbon grid. (c) HRTEM image of the region indicated by the 
white square in (b), containing a 10 nm diameter nanopore with dimensions of L200 and L020 in the 
zigzag and armchair directions, respectively. Over a period of 15 min of electron irradiation 
(current density = 6.1×10−2 pA/nm2), the pore expanded elliptically with eccentricity evolving from 





barriers are 5.13, 5.57, 5.65, and 6.23 eV. Therefore, among these structures, the 
ZZRC-o edge is the most resistant to the removal of a single atom. Note that for the 
ZZRC-i case the energy initially decreases because geometries resembling the more 
stable ZZRC-o edge are intermediate states.  
For the armchair case, the energy initially increases and then decreases below 
the zero reference level, which suggests a reconstruction of the edge that is more stable 
than the standard armchair morphology. Even when factoring this additional decrease in 
energy into account, the energy barrier for the ZZRC-o edge is greater than that for the 
armchair reconstruction. Since the energy barrier for removing an atom from the most 
Figure 3.2: Structure and energetics of the phosphorene edges as computed using density 
functional theory. (a) Overhead views of the armchair (AC), zigzag single termination (ZZ-1), 
zigzag double termination (ZZ-2), inner-shifted reconstruction of the ZZ-2 edge (ZZRC-i), and 
outer-shifted reconstruction of the ZZ-2 edge (ZZRC-o) phosphorene edges. The corresponding 
edge energies for the supercells used are given in eV/Å to quantify the thermodynamic stability. 
(b) Energy landscapes for removing a single atom from phosphorene edges via the NEB method. 
(c) Schematic illustrating the observation of an elliptical nanopore in phosphorene. The armchair 
edges (black) recede faster than the most stable zigzag edge (ZZRC-o) due to the greater energy 
barrier for removing atoms from the latter edge, which results in relatively longer nanopore 




stable zigzag edge (ZZRC-o) is greater than that for the armchair edge, we expect the 
armchair edge to recede faster under symmetric electron-beam irradiation, leaving the 
zigzag edge relatively longer (L200/L020 >1). This accounts for the development of the 
pores into elliptical shapes, as observed experimentally and illustrated schematically in 
Figure 3.2c. Despite the significant decrease in edge energy by passivating the 
phosphorene edges with hydrogen,132 we do not consider this here because sample 
irradiation starts in the middle of the sample and is continuous, thus preventing 
attachment of hydrogen atoms to the edges. While the DFT calculations presented here 
using the simplified monolayer phosphorene models qualitatively explain the anisotropic 
pore expansion observed in experiments, large-scale molecular dynamics simulations 
involving few layers of phosphorene are required to obtain better connections between 
theory and the fabrication mechanism.160 
3.2. Nanoribbons (1D) 
TEM beams do not offer the sub-nanometer control necessary for the fabrication 
of phosphorene nanoribbons (PNRs) with a well-defined crystal orientation. Furthermore, 
current fabrication methods for oriented bulk PNRs based on electron-beam lithography 
and reactive ion etching are unsuitable in the sub-50 nm thickness and sub-500 nm 
width regime.80 Here, we develop a fabrication procedure for PNRs in the few-layer 
thickness, sub-10 nm width regime based on scanning TEM (STEM) nanosculpting. A 
focused STEM beam can be rastered over a region of interest to form HAADF images or 
controllably maneuvered with subnanometer precision to make clean cuts through a thin 
material. STEM-based cutting was already shown to induce fewer defects in graphene 




We adopted the following strategy to fabricate few-nanometer-wide PNRs: first, 
two adjacent nanopores were nanosculpted in a 17 nm thick phosphorene flake with a 
focused STEM beam (probe size = 0.15 nm, probe current = 300 pA), and second, the 
material was sculpted along either the zigzag or armchair direction until the material 
between them constituted a nanoribbon (Figure 3.3).101 Between periods of 
nanosculpting, the PNRs were imaged by rastering the electron beam. While the PNRs 
experienced thinning during STEM imaging, they remained crystalline, unlike 
Figure 3.3: STEM nanosculpting of few-layer PNRs. HAADF STEM images of an (a−h) 8.0 nm 
long zigzag and (i−p) 6.5 nm long armchair nanoribbon. (a,i) wr and wc are the total and 
crystalline PNR widths, respectively. Thinning of the ribbons from (a) to (h) and from (i) to (p) was 
observed by using the HAADF intensity-thickness correlation for each panel along the red line X 
(indicated in (a) and (i)). For the zigzag case, wr is initially (a) 7.2 nm and subsequently narrowed 
to (b) 6.0, (c) 5.7, (d) 4.6, (e) 2.8, (f) 2.2, and (g) 1.7 nm. The corresponding wc values are (a) 5.6, 
(b) 4.6, (c) 4.3, (d) 3.1, (e) 1.9, (f) 1.0, and (g) 0 nm. For the armchair case, the values for wr are 
(i) 6.3, (j) 5.8, (k) 4.2, (l) 3.1, (m) 2.8, (n) 2.5, and (o) 2.1 nm. The corresponding wc values are (i) 
4.9, (j) 4.2, (k) 3.0, (l) 1.4, (m) 0.9, (n) 0.5, and (o) 0 nm. After the PNRs break, (h) 3.5 and (p) 2.8 




nanostructures exposed to orders of magnitude higher doses in TEM mode. In addition 
to crystalline regions of width wc, amorphous edges with a roughly constant width wr − wc 
were also seen (Figure 3.3a,i), where wr is the total width. This suggests localized lattice 
damage and/or small contamination during room-temperature nanosculpting. Future 
molecular dynamics simulations could be used to address the issue of layer−layer 
interactions at ribbon edges and the possible production of phosphorene polymorphs via 
beam-induced heating. Nanosculpting works well for cutting through the entire stack (17 
nm) of phosphorene layers, indicating that a large amount of material is removed. 
However, lattice resolution is still achievable, showing the high quality of the 
nanoribbons.  
Figure 3.4: DFT-calculated electronic band structures of PNRs based on the experimentally 
realized crystalline widths. The edge bands are indicated by EB with the number of such bands in 
parentheses. The Fermi level has been set to 0 eV. The schematic diagrams on the left indicate 
the corresponding PNR structure: (a) single-layer armchair; (b) bulk armchair; (c) single-layer ZZ-




Figure 3.3a−h shows the STEM nanosculpting of an 8.0 nm long zigzag few-layer 
PNR. From initial widths wr (wc) = 7.2 (5.6) nm in Figure 3.3a, the ribbon was sculpted 
down to wr (wc) = 2.2 (1.0) nm (Figure 3.3f). The inset in Figure 3.3b is a fast Fourier 
transform (FFT) of the crystalline region outlined in black in Figure 3.3a and indicates a 
lattice spacing of 1.65 Å along the nanoribbon axis, which agrees well with the zigzag 
(200) half-lattice constant a1′ (1.67 Å). The width of the ribbon’s amorphous edges (wr − 
wc) remained between 0.9 and 1.6 nm (Figure 3.3a−f). In Figure 3.3f (wr (wc) = 2.2 (1.0) 
nm), the structure was no longer nanosculpted but rather continuously imaged in STEM 
mode. After 160 s, the zigzag PNR was narrowed to a 1.7 nm wide amorphous (wc = 0 
nm) structure and, after an additional 40 s, snapped to form a 3.5 nm wide nanogap 
(Figure 3.3g,h).  
Figure 3.3i−p shows the formation of a 6.5 nm long armchair few-layer PNR 
using a procedure similar to the one developed for the zigzag system outlined above. 
From initial widths wr (wc) = 6.3 (4.9) nm in Figure 3.3i, the ribbon was sculpted down to 
wr (wc) = 2.5 (0.5) nm (Figure 3.3n). Similar to the zigzag case, the width of the ribbon’s 
amorphous edges (wr − wc) remained fairly constant (between 1.2 and 2.0 nm). As 
indicated in the inset FFT of Figure 3.3j, the nanoribbon’s axially oriented lattice spacing 
of 2.28 Å is consistent with the armchair (020) lattice parameter a2′ (2.24 Å). The wr = 2.1 
nm amorphous (wc = 0 nm) ribbon in Figure 3.3o was fabricated by allowing the wr (wc) = 
2.5 (0.5) nm armchair PNR in Figure 3.3n to sit in STEM imaging mode for 80 s, similarly 
suggesting the possibility of narrowing sculpted PNRs with subnanometer precision. A 
2.8 nm wide nanogap was formed after an additional 120 s of exposure (Figure 3.3p).  
To determine how narrowing induces quantum confinement in the range of 
widths achieved here, we calculated DFT-based band structures for single- and 




the ZZ-1 and ZZ-2 edge morphologies were used because the crystalline parts of the 
ribbons are surrounded by amorphous material, which in a first approximation would 
constrain the edges to those formed by directly cutting the sheet or bulk. Details of the 
calculations can be found in Appendix B. Only the four smallest nonzero crystalline 
widths obtained in the experiment for each edge are shown because the overall 
structure of the bands changes negligibly for larger widths. We show that in both 2D (i.e., 
single-layer) and bulk material, the electronic band structure displays the 1D 
confinement effects, as indicated by the presence of edge bands, which we determined 
by calculating and plotting the partial charge density of bands near the Fermi level. This 
finding results from the weak coupling between the individual phosphorene layers. 
Further modeling of the nanosculpting effect would require a systematic study of 
Figure 3.5: Intensity cross-sections X (Figure 3.3a,i) of the zigzag (top) and armchair (bottom) 
PNRs shown in Figure 3.3a-h and 3.3i-p, respectively. Each curve corresponds to a panel in 
Figure 3.3 and PNR thickness determined through the linear HAADF intensity-thickness 
correlation. From an initial flake thickness of 17 nm, the zigzag and armchair PNRs were thinned 




electron-beam-induced disorder in phosphorene158 in addition to thermally induced 
defects.105  
In addition to nanosculpting as a method of narrowing PNRs into the quantum 
confinement regime, ribbons were also found to be thinned during STEM imaging, as 
evidenced by the evolution of the STEM intensity cross sections (Figure 3.3a,i). Average 
fits were obtained for each PNR width in Figure 3.3, and peak values were correlated to 
PNR thicknesses using a linear monoelemental HAADF intensity-thickness relation I ∝ t, 
where I is the intensity cross-section peak value and t is the corresponding ribbon 
thickness, as shown in Figure 3.5 for both types of PNRs. From an initial t = 17 nm, the 
zigzag (armchair) PNR was reduced to a minimum of t = 4.4 nm (8.1 nm) before 
breaking into a nanogap. This observation opens up a great opportunity for manipulating 
nanostructure thickness by calibrating the dose of the electron exposure for a given 
phosphorene flake thickness and width. 
3.3 Antidot Arrays (2D) 
Here, we study phosphorene antidot lattices experimentally and theoretically.22 
Nanoscale antidots in few-layer phosphorene flakes capped by an oxide layer are first 
fabricated using plasma thinning along with electron beam lithography (EBL). Figure 3.6 
demonstrates the step-by-step fabrication procedure developed to create antidot lattices 
in few-layer phosphorene flakes using EBL, which has previously been used to fabricate 
similar structures in graphene.30 Bulk BP flakes are first mechanically exfoliated onto 
SiO2/Si substrates and thinned using a previously reported oxygen (O2) plasma etching 
technique (Figure 3.6a).125 Additional experimental details of phosphorene exfoliation 
and processing can be found in Section 2.1. The thinning process allows for precise 




layer that greatly improves sample stability during lithography and in-air Raman 
measurements (Figure 3.6b). We find that a few-layer phosphorene thickness of 
between 8 and 10 nm (13−16 layers) minimizes oxidation effects on the Raman map 
while maximizing signal-to-noise ratios. Since thinner samples experience an increased 
rate of oxidation and a drop in Raman signal intensity,46 flakes thinned to this range 
allow us to obtain measurable Raman signals with minimal oxidation over time scales of 
10−12 h. After thinning, samples are coated with a thin layer of resist and square antidot 
arrays are patterned using EBL (Figure 3.6c). Tetrafluoromethane (CF4) plasma is then 
used to etch away the exposed material, resulting in an antidot-patterned few-layer 
phosphorene flake passivated with PxOy (Figure 3.6d). After resist removal, the flakes 
are exposed to an additional plasma-cleaning step. An optical image of a few-layer 
phosphorene flake containing an antidot lattice is given in Figure 3.7a. Due to the 
Figure 3.6: Schematic of antidot fabrication steps in few-layer phosphorene. (a) Exfoliation and 
O2 plasma thinning of bulk BP on a SiO2/Si substrate yields (b) a PxOy-capped few-layer 
phosphorene flake. (c) After the sample is coated in resist, antidot arrays are patterned using 
electron beam lithography and etched in CF4 to remove the exposed PxOy/BP. (d) Finally, the 
process yields a PxOy-passivated few-layer phosphorene antidot lattice. Typical superlattice 




thickness, oxidation, and orientation-dependent properties of black phosphorus,87 
regions (1) and (5) of the flake were not subjected to antidot patterning and are referred 
to as pristine. Regions (2), (3), and (4) correspond to a few-layer phosphorene antidot 
lattice, PxOy, and a strip of the bare SiO2/Si substrate, respectively. SEM images of 
multiple samples reveal highly uniform antidot lattices with superlattice constants (SC) of 
60−65 nm and radii (R) of 13−23 nm (Figure 3.7c), in line with the smallest reported 
graphene antidots fabricated via EB lithography.136 
It has been shown that graphene antidot lattices exhibit p-type doping, as 
evidenced by strong Raman shifts in both the G and 2D peaks.52 Here, we use Raman 
spectroscopy in order to analyze the effects of forming antidots in few-layer 
phosphorene. The Raman spectrum from a 532 nm excitation line for phosphorene 
Figure 3.7: Characterization of fabricated antidot arrays in few-layer phosphorene. (a) Optical 
image of columnar regions with (1) pristine few-layer phosphorene, (2) patterned antidots (SC = 
60 nm and R = 23 nm), (3) PxOy, (4) bare SiO2/Si substrate, and (5) pristine few-layer 
phosphorene. (b) Raman spectra of (1) pristine few-layer, (2) antidot, and (3) PxOy regions 
normalized to the Ag1 peak of (1), showing suppression of the in-plane modes (B2g and Ag1) in the 
antidot region. (c) SEM image of a square antidot array with SC = 65 nm and R = 13 nm. (d) 
B2g:Ag1 intensity Raman map from the sample in (a). Note: SC is the average in-plane superlattice 




reveals one out-of-plane mode (Ag1) and two in-plane modes that are associated with 
phonons in the zigzag (B2g) and armchair (Ag2) directions. In particular, the frequency of 
the Ag2 mode exhibits a strong thickness dependence with shifts from 466 cm−1 for bulk 
black phosphorus up to 470−471 cm−1 for monolayer phosphorene.95 Thinned BP flakes, 
such as those found in region (1) from Figure 3.7a, exhibit Ag1 (362 cm−1), B2g (439 
cm−1), and Ag2 (467 cm−1) peaks that are consistent with a few-layer (8−10 nm) structure 
(Figure 3.7b). Upon patterning, the antidot region (2) exhibits negligible changes (±0.5 
cm−1) in the frequency of all three major Raman modes. This result is also predicted 
theoretically by calculating the normal-mode frequencies for pristine phosphorene and a 
phosphorene antidot system using direct diagonalization of the dynamical matrix and the 
power spectrum method within DFT (see Appendix B).22 As suggested by a recent work, 
the absence of a shift in frequencies as well as full-widths at half-maximum rules out any 
Figure 3.8: Raman maps of few-layer phosphorene antidot lattices. First row (left to right): optical 
image, B2g:Ag1 intensity Raman map, and Ag2:Ag1 intensity Raman map of the patterned few-layer 
phosphorene flake from Figure 3.7. Middle row (left to right): Ag1, B2g, and Ag2 peak frequencies 
(ω) for the same flake, showing no discernible Raman shifts (± 0.5 cm-1). Bottom row (left to 




n-type doping in the antidot lattice but is inconclusive toward the presence of p-type 
doping.19 Furthermore, this result indicates the structure is likely free of any strain since 
stretching- and compression-induced Raman frequency shifts up to 11 cm−1/(% strain) 
are expected in phosphorene.34 We also note that across samples the Ag1:Ag2 intensity 
ratio (i.e., the ratio of peak heights) remains between 0.5 and 0.6 from pristine to antidot 
regions, excluding the likelihood of thinning or oxidation due to atmospheric exposure or 
patterning. In fact, over-etching results in only amorphous PxOy (region (3)), which 
displays no discernible Raman signature as expected (Figure 3.7b).125 
As shown in Figure 3.7b, we observe suppression of both in-plane modes in the 
antidot lattices in comparison to pristine few-layer phosphorene. Figure 3.7d graphically 
shows that from the pristine few-layer phosphorene to the patterned antidot region, the 
normalized B2g:Ag1 intensity ratio exhibits a significant drop from roughly 2.0 to 0.9, 
suggesting relatively strong suppression of the in-plane zigzag phonon mode. A similar, 
but comparatively weaker, effect is also observed for the in-plane armchair mode. 
Further evidence of this effect can be found in Figure 3.8 with additional Raman maps 
for fabricated antidot lattices. While strengthening of the in-plane Raman D mode in 
graphene antidot lattices has been shown to be due to fabrication-induced defects, 
suppression of the in-plane G mode has been attributed to a change in the phonon 
density of states (DOS) resulting from antidot-induced quantum confinement and follows 
a similar trend to what is demonstrated here.52,66  
With the fabrication of few-layer phosphorene antidot lattices with dimensions of 
tens of nanometers in radii and supercell size established, we now explore the electronic 
properties of freestanding phosphorene antidot lattices at the few-nanometer scale, 
where the impact of quantum confinement and edge morphology becomes important. In 




placed on a rectangular superlattice are considered. The electronic properties of the 
phosphorene antidot lattices were studied within DFT by inspecting the density of states 
and site-projected density of states (PDOS) for each structure (details of calculations in 
Appendix B). The PDOS is decomposed into contributions from the edge (green) and 
interior (purple) atoms. The DOS and PDOS of the edge/interior are visualized in Figure 
3.9 for SC = 3.02 nm for both atom pair center (APC) (left) and open center (OC) (right) 
symmetries with all radii considered.  
The DOS plots show that a nonnegligible evolution of the band gap occurs as the 
radius is varied for a given supercell symmetry. In general, the PDOS from the edge is 
smaller than and/or similar in shape to the PDOS from the interior near the end points of 
the band gap. This suggests that the configuration of the edge will not significantly 
impact the band gap scaling with size. This is expected since the saturation of the edge 
dangling bonds by hydrogen pushes any in-gap states present in an unsaturated 
structure out of the gap. For example, for H-passivated PNRs with AC, ZZ 1, ZZRC-o, 
Figure 3.9: Electronic density of states for SC = 3.02 nm calculated with DFT. The two left 
columns are for APC, and the two right columns are for OC. The left column in each set is the 
total density of states with normalization to the number of phosphorus atoms (radii given), and the 
right column in each set is the site-projected density of states decomposed by edge and interior 
atoms with normalization to the respective number of atoms. In some cases, the size of the band 




and diagonal edges, the conduction band minimum (CBM) and valence band maximum 
(VBM) have charge densities that are global states (i.e., not edge-localized).45,132 There 
are still a few systems that contain a relatively large contribution from the edge. The 
notable feature of these systems is that they contain self-passivated edges. However, 
the band gap may not be affected by some of these edge morphologies because each 
PDOS curve is normalized to the respective number of atoms and therefore does not 
reflect the behavior of the DOS. Two structures also displayed metallic signatures (APC 
SC = 4.56 nm and SC = 5.99 nm both with R = 1.15 nm).22 
In order to compare the different antidot structures more systematically, the band 
gaps were calculated from the DOS and plotted against the radius. The band gap 
scaling relations for APC and OC are given in Figure 3.10a and 3.10b, respectively. As 
the nanoconstrictions (NCs) between the holes decrease in size, the increase in 
quantum confinement is expected to increase the band gap.23 This implies that for a 
constant radius decreasing the supercell size (decreasing the spacing between holes) 
should increase the band gap. Also, for a constant supercell size increasing the radius 
Figure 3.10: Scaling of calculated band gap with radius for multiple supercell sizes. (a) APC 
symmetry. (b) OC symmetry. In increasing the radius or spacing the holes closer together, the 
nanoconstrictions narrow, which increases the band gap due to quantum confinement. Note that 
DFT underestimates the band gap due to the structure of the approximate form of the exchange 




should increase the band gap. This trend is followed by 32/42 of the antidot structures 
considered here. To obtain some insight into the 10 deviations, the difference in the 
band gap between corresponding APC and OC structures was computed and is non-
negligible in several cases. Since the geometric parameters that determine quantum 
confinement effects are nearly the same, this suggests that the deviations could result 
from in-gap states from self-passivated regions in the edge. For instance, the band 
structure for PNRs with the ZZRC-i edge contains a band below the Fermi energy with 
charge density corresponding to the edge. A simple approach to evaluate this claim is to 
calculate the band gap using the phosphorus PDOS from all atoms and the phosphorus 
PDOS excluding the edge atoms and then compare the results.22 The band gap scaling 
trends differ negligibly, which suggests edge configuration cannot account for the 
deviations. However, when the wave function is projected onto the interior atoms, it 
contains the influence of the edge atoms. This means that the edge contribution cannot 
be completely removed using this method.  
A better approach is to evaluate the charge density corresponding to two 
different energy ranges: the first range is the lower edge of the band gap minus 0.2 eV 
(“low”), and the second range is the upper edge of the band gap plus 0.2 eV (“high”). 
This is visualized in Figure 3.11 for APC SC = 3.02 nm and R = 1.14 nm. The band gap 
limiting contribution originates from the self-passivating ZZRC-i edge on both the lower 
and upper edge of the band gap. The charge densities were computed for all 8 deviation 
cases (except for two metallic systems). In 5/8 of the systems at least one of the lower 
and upper contributions results in part from self-passivation in the edge. In particular, in 
4/5 cases the ZZRC-i edge is involved. For the other 3/8 cases it could be that the band 
gap is not underestimated, but rather the previous structure has an overestimated band 




different between ZZ-1 and ZZRC-o hydrogen-saturated PNRs even though the VBM 
and CBM charge densities are globally distributed. In other words, the edge atoms can 
couple to the interior atoms to produce global changes in the electronic properties. 
Although 0.2 eV is a significant fraction of the band gap, a sufficient energy range is 
required to generate non-zero values for the charge density. Even after correcting for 
edge effects, the band gap scaling laws would still not form smooth curves in general, as 
might be expected from an elementary quantum mechanics calculation. However, notice 
that the OC SC = 3.02 nm band gap scaling is smooth (Figure 3.10b). In addition to not 
hosting any self-passivation in the edges, these systems have relaxed hole geometries 
that are nearly square, not circular. This suggests that the shape of the quantum well 
affects the band gap scaling in addition to the confinement length and edge morphology.  
A notable feature with important experimental implications is the “size effect” in 
the band gap scaling. The maximum radius of an antidot that can be formed increases 
as the size of the supercell increases. This enables the minimum obtainable confinement 
length in the armchair and zigzag NCs to be roughly the same between different 
Figure 3.11: Band gap limiting charge density for APC with SC = 3.02 nm and R = 1.14 nm. The 
panel labeled “Low” corresponds to the energy range from the lower edge of the band gap to 0.2 
eV lower, and the panel “High” corresponds to the energy range from the upper edge of the band 
gap to 0.2 eV higher. The isosurface values are 6.4×10−4 (“low”) and 8.2×10−4 (“high”) in units of 
a0−3, where a0 is the Bohr radius. In both cases the self-passivating zigzag reconstruction ZZRC-i 
is a limiting factor in the size of the band gap and describes the deviation in the band gap scaling 





supercell sizes. However, the maximum increase in the band gap that can be obtained 
from the maximal radius decreases as the supercell increases. This is apparent from the 
maximal radii in OC SC = 3.02, 4.56, and 5.99 nm (see Figure 3.10b) since edge effects 
do not impact these data points. To account for this observation, it can be shown that the 
limiting confinement length occurs along the diagonal direction and is dependent on the 
size of the supercell. For circular holes (radius R) in square supercells (superlattice 
constant L), simple geometric manipulations result in a diagonal length between the 
edges of d = √2L − 2R. The minimum confinement length along armchair and zigzag 
NCs occurs when R ≲ L/2. In this case the minimum confinement length along the 
diagonal direction is dmin ≳ (√2 − 1)L. This implies that the minimum confinement length 
that can be obtained is proportional to the size of the supercell. More importantly, the 
largest possible increase in the band gap decreases with increasing supercell size. This 
means that, in order to experimentally observe appreciable shifts in the band gap due to 
quantum confinement, the supercell dimensions need to be on the order of a few 
nanometers, not tens of nanometers as was previously considered for graphene. 
Moreover, supercell and perforation geometries can be chosen to optimize the quantum 
confinement shift in the band gap using commensurate geometries. For instance, 
consider square supercells again, but now with square perforations of side length l. In 
this case the diagonal confinement length is d = √2(L − l). From the relation l ≲ L one 
obtains d ≳ 0. That is, there is no expected size effect for square perforations with 
square supercells, i.e., when the hole and supercell shapes are commensurate. 
However, achieving small square perforations may be more experimentally challenging 





4. TRANSITION METAL DICHALCOGENIDE NANOSTRUCTURES 
4.1 MoS2 Angstropores (0D) 
For this study, we fabricate devices containing a single sub-nm diameter 
monolayer MoS2 pore with 1 to 5 Mo atoms (d = 0.5 to 1.4 nm) missing in the lattice. We 
present a methodology for utilizing the electron beam of an aberration-corrected TEM to 
create single 2D sub-nm pore devices and explore their current-voltage behavior in salt 
solutions. The fabricated pores have sizes in the range of typical salt ions (K+ = 0.13 nm,  
Li+ = 0.06 nm, Mg2+ = 0.07 nm, Na+ = 0.01 nm and Cl- = 0.18 nm). This enables us to 
investigate the wetting and ionic properties of such pores with direct insights into the 
shedding of hydration layers in salt molecules and ionically selective pores. We also 
discuss the conductance observed in these angstropores for different salts solutions with 
varying concentrations. 
Figure 4.1 shows the schematic of the sub-nm diameter MoS2 pore fabrication 
process using aberration-corrected STEM selected area exposure. A monolayer MoS2 
flake is first transferred onto a 50×50 µm window in the center of the 3 mm diameter 
TEM grid with a 30 nm thick SiNx film and 290 um thick Si support substrate (Figure 
4.1a). A focused Ga+ ion beam is used to drill a hole ~ 150 nm in diameter in the center 
of the electron transparent SiNx window as shown in the inset of Figure 4.1b. A 
monolayer MoS2 flake ~ 50 to 80 microns in size is meticulously positioned such that it is 
suspended over the FIB hole as shown in Figure 4.1b (see more details in Section 
2.2.2). The pore drilling process starts by first zooming into the suspended MoS2 region 
covering the FIB hole to acquire a HAADF image (dose = 3.2×106 e-/nm2, total exposure 
time = 8 s) of the pristine lattice (Figure 4.1c). For a 2D material exposed to an electron 




energetic electrons to lattice atoms (knock-on damage) and in-plane electronic 
excitations (radiolysis). Here, we employ a STEM acceleration voltage of 80 kV, in which 
the maximum knock-on electron energy transfer is below the Mo and S displacement 
thresholds of 20 and 6.5 eV, respectively.3,71,171 Previous reports have also 
demonstrated that an exposure dose of 3.2×106 e-/nm2 causes negligible radiolysis 
damage in monolayer MoS2.149,172 These imaging conditions are therefore not expected 
to result in defect production.  
To drill a sub-nm diameter pore, the STEM instrument is switched from full scan 
(13×13 nm area) to selected area (1×1 nm area) exposure, in which the raster area of 
Figure 4.1: MoS2 angstropore fabrication with selected area STEM exposure. (a) Optical image 
of a 3 mm diameter SiNx/Si circular chip platform with transferred MoS2 flakes. (b) Positioned 
transfer of a monolayer MoS2 flake over a ~150 nm focused ion beam hole on a SiNx/Si chip 
(inset, scalebar denotes 50 nm). Atomic resolution images of (c) pristine (as-grown and 
transferred) monolayer MoS2 suspended on a SiNx/Si chip, Z contrast is indicative of Mo and S 
atoms, and (f) the lattice with a sub-nm (d ~ 10.9 Å) pore. (e) Schematic showing imaging of 
suspended monolayer MoS2 under an aberration-corrected STEM beam (light blue) with a dose of 
3.2×106 e-/nm2. Mo and S atoms are shown in dark blue and yellow, respectively, while the 
electron exposure area is shown in orange (f) Sub-nm pore drilling using STEM selected area 





the electron beam is reduced, thereby increasing the dose to 9.7×108 e-/ nm2 (total 
exposure time = 10 s). At this exposure dose, radiolysis causes atoms to be sputtered 
off the lattice within the selected area,3,172 thus creating a sub-nm pore (Figure 4.1d). 
The process is demonstrated schematically in Figures 4.1e-f. Compared to other 
electron exposure techniques such as high-resolution TEM (HRTEM) drilling and 
electron beam lithography, the use of a highly-focused (probe FWHM ~ 0.1 nm) STEM 
beam allows for simultaneous imaging and atom removal, which enables the fabrication 
of pores with atomically-precise sizes and geometries. Furthermore, unlike methods 
such as plasma etching,144 dielectric breakdown,78 and acid etching102 which could alter 
the chemical composition of the pore during fabrication, selected area STEM exposure 
provides real-time, chemically-unperturbed electron micrographs of the angstropore, 
which as discussed later is crucial for accurate analysis of ionic transmembrane 
characteristics of sub-nm pores.   
Figure 4.2: Wetting process and ionic measurements of MoS2 angstropores. (a) Schematic of 
device with suspended monolayer MoS2 flake. (i) Drilling a sub-nm pore on the suspended MoS2 
flake. (ii) Wetting of angstropore with ethanol (50%), (iii) Device rinsing in DI water before ionic 
measurement and (iv) flushing with salt solution for ionic measurement (b) The design of 





After the drilling in ultra-high vacuum (p ~ 1.7×10-5 Pa) in the TEM column, the 
angstropore is immediately stored in a vacuum sealed container prior to experimental 
measurements. Figure 4.2a displays a schematic of the 3 mm-diameter SiNx/Si device 
(also pictured in Figure 4.1a) with a monolayer MoS2 flake. The single angstropore that 
is drilled and imaged is located in the center of this membrane. Prior to current-voltage 
measurements, dedicated pre-treatment steps are involved for wetting the pore. A few 
studies have also highlighted the importance of wetting nanochannels and sub-nm 
pores.43 Here, we use a 1:1 mixture of ethanol: DI water to wet devices. The ethanol 
treatment is typically conducted for 10-30 mins with intermittent bubbling of the solution, 
carried out with the help of a pipette to ensure no air bubbles are trapped in the device. 
This is followed by rinsing in DI water before finally introducing the desired salt solution. 
This process, as demonstrated in Figure 4.2a, is repeated a few times (3-6 times) in 
order to observe a detectable current-voltage measurement. The ionic measurements 
are conducted with the help of Ag/AgCl electrodes as sketched in Figure 4.2b. 
We observe that the wetting of angstropores is the biggest challenge for ionic 
measurements. A HAADF image of a pore with 1 Mo and 2 S atoms missing is shown in 
Figure 4.3a. The inset corresponds to a Z contrast profile taken across the dashed 
yellow line, showing 1 missing Mo atom. In order to clearly distinguish between the 
background signal and device measurement, we present the current-voltage (IV) range 
produced at various stages in Figure 4.3b: bare electrodes (black), un-wet pore (green), 
hysteric pore (red), and wet pore (light blue). As expected, the bare electrodes show 
negligible IV with a conductance G ~ 10 pS. In case of the MoS2 angstropore device, we 
observe three different states: (1) un-wet (green) – here conductance is similar to that of 




due to incomplete wetting/trapped air bubbles; (3) conducting (light blue) – the IV shows 
a continuous rising current for an applied voltage and G corresponds to ~ 1 nS.  
In addition, the power spectral density (PSD) of these states is projected in 
Figure 4.3c. PSD is generally given as PSD = I2A/fα, where PSD is the power spectral 
density, I denotes the ionic current, A is the noise coefficient, α is the low frequency 
noise component, and f is frequency. For the conducting pore (light blue), we observe A  
= 5×10-6 and α = -0.47, while the bare electrodes (black) and pore without ethanol (red) 
have crucially different values of A = 2×10-7 and α = -0.3. This is as expected since the 
device is the same un-wet state in these latter two scenarios. Another state described in 
Figure 4.3: Noise, wetting, and ionic transport characteristics of MoS2 angstropores. (a)  AC-
STEM image of a pore with diameter ~ 0.5 nm. (b) Current-voltage characteristics of sample at 
various stages of wetting. (c) Power spectral density of samples in various conditions: without 
ethanol wetting (red), bare electrodes (black), pristine membrane (teal), and ethanol wetting (light 
blue). (d)  AC-STEM image of a pore of diameter ~ 0.6 nm. Current-voltage characteristics of the 
pore in (d) for (e) different salts – 1 M LiCl, 1 M MgCl2, 1 M KCl – and (f) various molarities of KCl 






the Figure 4.3c is a pristine MoS2 membrane (i.e., no pore) which displays A = 7×10-5 
and α = 0.14. 
Another example of an MoS2 angstropore with 2 Mo and 14 S atoms missing is 
shown in Figure 4.3d. This is, again, confirmed by the Z contrast produced across the 
pore profile (yellow line) in the inset of Figure 4.3d. Abiding by the procedure outlined in 
Figure 4.2a, we obtain the current-voltage measurements for various salts and salt 
concentrations. The IV curves for of 1 M LiCl, 1 M MgCl2 and 1 M KCl for a voltage 
range of ±200mV are presented in Figure 4.3e. Given that these salts have a significant 
bulk conductivity (e.g., 1 M KCl = 10.8 S/m), we observe no change in the conductance 
between 1 M LiCl, MgCl2, and KCl through the angstropore in this voltage range. The 
inset of Figure 4.3e shows the non-linear characteristics of angstropore ensembles that 
are seen at higher voltages (±800mV) plotted for reference from a previous study.147  
Next, we examine the conductance in the case of different salt concentrations, 
namely 10 mM, 1 M, and 3 M KCl. As shown in Figure 4.3f, we observe no significant 
change between different concentrations and a consistent conductance of ~ 1 nS that is 
dependent upon the applied voltage. This demonstrates that in the regime of 
angstropores, where the hydration shell of K+ and Cl- are similar in size to the MoS2 
aperture, ions travel through the pore in a dehydrated state regardless of Debye length 
(i.e., KCl concentration).58 Further experiments are needed in order to isolate effects 
arising from pore surface charge, ionic selectivity, and ion-ion interactions. 
4.2 WS2 Nanopores (0D) 
Here, a new class of optically active 2D nanopores in monolayer WS2 
membranes is demonstrated.25 We report WS2 nanopore drilling using a focused 




high ionic conductance and DNA translocations through these nanopores. Furthermore, 
during laser excitation of these nanopores at low power densities (λ = 532 nm, power 
density = 3 W/cm2), we note nanopore expansion at a rate of ∼0.2−0.4 nm/s, potentially 
providing means to dynamically control nanopore dimensions with short light pulses. 
The effects of nanopore drilling on the optoelectronic properties of suspended 
monolayer WS2 membranes are first characterized using PL spectroscopy. We observe 
a change in the intensity of PL signals and formation of additional defect peaks due to 
imaging and nanopore drilling in STEM mode with different e-beam doses. Prior to 
imaging, the samples were subjected to rapid thermal annealing at 300°C for 90 min in 
H2/Ar in order to reduce any carbon contamination during drilling. PL maps of two 
different WS2 flakes were obtained before (Figure 4.4a,d) and after e-beam drilling 
(Figure 4.4b shows dose A = 2.6×105 e−/nm2; Figure 4.4e shows dose B = 5.5×104 
e−/nm2) in the suspended region marked with a blue arrow. After undergoing 3−4 min of 
e-beam exposure (STEM imaging), 2−3 nanopores with diameters of ∼10 nm each were 
drilled in focused-spot mode in both membranes in close vicinity, as shown in the insets 
of Figure 4.4c,f. The nanopores were drilled close to each other (<0.5 μm apart) to 
roughly differentiate between effects arising from beam exposure versus nanopore 
drilling, as we were limited by lateral PL resolution of 0.5 μm. As can be seen from 
Figure 4.4b,e, the beam exposure is clearly visible in the PL map as a darker region 
around the suspended region (outlined in yellow), with more widespread damage from 




The PL spectrum of the suspended membrane shown in Figure 4.4c reveals that 
imaging with dose A resulted in the quenching of the X0 (neutral exciton) peak, a ∼26-
fold decrease of the XT (charged trion) peak, and a ∼2-fold increase of the XD (defect) 
peak at ∼1.85 eV. On the other hand, dose B (Figure 4.4f) led to almost no change of 
the X0 and XT peak intensities in addition to the formation of an additional XD peak 
Figure 4.4: Change in PL due to beam exposure and nanopore drilling. PL intensity maps of a 
flake (a) before and (b) after STEM drilling with dose A (2.6×105 e−/nm2). Yellow dotted lines 
show e-beam damage. (c) PL of the suspended region, marked with blue arrows in (a,b), before 
and after STEM drilling. (Inset) STEM image of the drilled nanopores. PL intensity maps of a flake 
(d) before and (e) after STEM drilling with dose B (5.5×104 e−/nm2). (f) Corresponding PL of the 
same spot before and after STEM drilling on the suspended region marked with blue arrows in 
(d,e). (Inset) STEM image of the nanopores. PL intensity maps of the zoomed-in suspended 
region of the flake shown in (d,e) before (g) and after (h) drilling, showing PL change in the area 





located at ∼1.87 eV, which was initially absent for this flake. It should be noted that 
these spectra are obtained from the suspended region exposed only to the e-beam (RBE) 
and not subjected to drilling (RNP), which is studied next. These changes take place due 
to the e-beam bombardment damage that occurs during STEM imaging, which leads to 
sulfur vacancies and other defects with densities proportional to the e-beam dose.122,127 
To differentiate the effects due to beam exposure from those of nanopore drilling, 
we recorded PL maps of the suspended membrane near the nanopores, before (Figure 
4.4g) and after (Figure 4.4h) drilling, and found variations in the PL intensity across the 
monolayer membrane. Although the entire suspended region was exposed to the 
scanning beam during imaging in STEM mode, a darker region to the right of the 
membrane (RNP; outlined in blue; diameter ∼0.6 μm) was observed where the nanopores 
were drilled while the left side of the membrane was relatively unaffected (RBE). RNP 
showed a 2-fold decrease in both the X0 and XT peak intensities and the formation of the 
XD peak at ∼1.88 eV (Figure 4.4i). The spectral weight percentage (i.e., intensity 
percentage) of XD differed in the two regions, with 10% for RBE and 47% for RNP, thus 
Figure 4.5: Fabrication and characterization of WS2 nanopore devices. (a) Schematic of the 
nanopore device setup. The WS2 flake (green) is suspended on a 200−500 nm FIB hole in a 50 
nm thick and 50 μm × 50 μm dimensions SiNx (deep blue) window, fabricated on a SiO2/Si 
(orange/yellow) wafer. A 1 or 3 M KCl solution (light blue) is separated by the nanopore in the 
WS2 flake. A bias voltage (VB) is applied across the nanopore using Ag/AgCl electrodes (black), 
and the ionic current through the nanopore (IB) is measured. (b) Optical image of a triangular WS2 
flake on a SiNx window with a FIB hole. (Inset) SEM image of a 300 nm FIB hole. (c) AC-STEM 
image of (i) an undamaged suspended WS2 membrane, (ii) a 0.3 nm nanopore, and (iii) a 1.3 nm 
nanopore. (d) Plot of open pore conductance G0 of WS2 nanopores with the corresponding 





showing higher density of defects occurring near the nanopore. It was also observed that 
while the enhancement factor (Isus/Isup) remained ∼12 for RBE, RNP had a reduced 
enhancement factor of ∼6. The defects introduced due to the nanopore drilling in the 
vicinity of RNP can provide sites for oxidation, which we investigate later in our report. It 
should be noted that the laser exposure from PL and Raman measurements was not 
seen to introduce additional defects. This was verified by letting the focused laser beam 
(power density = 4.4×104 W/cm2) illuminate suspended WS2 regions (both with and 
without a nanopore) for at least 5 min. Raman measurements, from before and after 
exposure, also indicated no measurable change or shift in the WS2 spectrum. 
A schematic of a typical WS2 nanopore device is shown in Figure 4.5a. Fifty 
nanometer thick suspended silicon nitride (SiNx) membranes with dimension 50 μm × 50 
μm were fabricated on 5 μm/500 μm SiO2/Si wafers using optical lithography. Detailed 
fabrication processes can be found in Section 2. A 200−500 nm diameter hole (area = 
0.03−0.2 μm2) was drilled in the SiNx membrane using a focused ion beam (FIB) with a 
10 pA, 30 kV Ga+ source, as illustrated in Figure 4.5b (inset). Monolayers of WS2 were 
transferred onto the SiNx membrane using either a Kapton-tape-based 
micromanipulation positioning technique or a PMMA-based wet transfer procedure. A 
successful transfer is shown in Figure 4.5b. Using the focused STEM probe with dose B, 
nanopores of diameters ranging from 2 to 8 nm were then drilled in the WS2 membranes 
suspended over the FIB holes. AC-STEM images of similarly drilled nanopores are 
illustrated in Figure 4.5c. 
After a PDMS measurement cell was loaded, the nanopore device was wet using 
an ethanol/water (v/v 1:1) solution,89 after which the electrolyte solution was introduced 
on both sides of the device. A bias voltage sweep (VB) was applied across the 




current amplifier in order to obtain the open pore conductance (G0 = IB/VB). A 1 M KCl 
solution was used as the electrolyte for most of our experiments, unless otherwise 
noted. G0 was plotted with the measured nanopore diameter (dTEM) for several nanopore 
devices (see Figure 4.5d). By fitting the graph to a linear function, solution conductivity 
was calculated to be 13.5 ± 0.3 S/m, in good agreement with the measured conductivity 
of 11.8 S/m, using the conductance formula for 2D nanopores: G0 = σ(dTEM) where G0 is 
the open pore conductance, σ is the calculated solution conductivity, and dTEM is the 
diameter of the nanopore measured from the corresponding STEM image.138 
Open pore conductances for WS2 nanopores with (i) dTEM = 4.4 ± 0.9 nm (pore A, 
red) and (ii) dTEM = 7.1 ± 0.5 nm (pore B, black) were obtained by cycling VB between 
±200 mV (Figure 4.6a). It should be noted that 3 and 1 M KCl solutions were used for 
pore A and pore B, respectively. The G0 values thus obtained were 61.01 nS for pore A 
and 69.86 nS for pore B.  
15 kbp double-stranded DNA (10 ng/μL, random sequence) in buffered KCl 
solution was then introduced into the cis chamber, and a constant VB (400 mV for pore A 
and 200 mV for pore B) was applied to electrophoretically drive the DNA through the 
nanopore. The current traces hence obtained show DNA translocation events (see 
Figure 4.6b). We use the change in conductance (ΔG = ΔIB/VB) instead of change in 
ionic current to normalize our results. Scatter plots of (i) 1890 events and (ii) 2030 
events were obtained from pores A and B, respectively, and the corresponding 
histograms of the event depths (change in conductance or ΔG) and dwell time (duration 
of events) are plotted in Figure 4.6d. As pore diameters here are ∼2−3 times larger than 
the diameter of dsDNA (∼2.1 nm), we observe events that can be interpreted as DNA 
translocating in three possible orientations − unfolded, partially folded, and folded − each 
resulting in different current blockage levels (Figure 4.6c).109 We note that folded DNA  
Figure 4.6: Double-stranded DNA translocation through WS2 nanopores. (a) Current−voltage 
measurement of WS2 nanopores with diameters (dTEM) of (i) 4.4 ± 0.9 nm (pore A in red) and (ii) 
7.1 ± 0.5 nm (pore B in black), yielding open pore conductances of 61.01 nS and 69.86 nS, 
respectively. (b) Ionic conductance time trace of DNA translocation events through the nanopore 
devices shown in (a) with 10 ng/μL of 15 kbp dsDNA at VB = 400 mV for pore A and VB = 200 mV 
for pore B filtered at 10 kHz. (c) Zoomed-in events illustrating unfolded, partially folded, and 
folded (left to right) DNA translocation events. (d) Scatter plots of change in conductance vs event 
duration for (i) 1890 events (pore A) and (ii) 2030 events (pore B). The histogram on the right 
shows the change in conductance fitted with two Gaussian curves for unfolded (ΔGu, yellow) and 
folded ev ents (ΔGf, cyan). The histogram on the 65 top shows the event duration or dwell time 
fitted  with two exponential decay curves for unfolded (τu) and folded (τf) events. 
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translocation events in 3 M KCl have been reported in graphene and silicon nitride 
nanopores down to ∼4.0 nm.40,109 
As partially folded events may have various degrees of folding depending on the 
percentage of overlap, one distinct Gaussian distribution might not be representative of 
all the possible partially folded translocations. As a result, the event depth histograms 
were fitted to only two Gaussian curves which correspond to unfolded events (ΔGu 
represented by the yellow curve) and folded events (ΔGf represented by the cyan curve). 
Average change in conductances of (i) ΔGu = 13.26 nS and ΔGf = 25.44 nS for pore A 
and (ii) ΔGu = 2.62 nS and ΔGf = 4.41 nS for pore B were obtained, yielding unfolded 
translocation blockage percentages (ΔGu/G0) of ∼22% and ∼4% for pores A and B, 
respectively. These compare well with previously reported 2D nanopores.89,107 It is also 
common to fit the dwell time histogram to two exponential decay functions, one for 
unfolded events (τu) and one for folded events (τf).107 In this case, we obtain time 
constants of (i) τu ∼ 620 μs and τf ∼ 100 μs for pore A and (ii) τu ∼ 80 μs for pore B. τf 
was not obtained for pore B due to limitations in the sampling rate (50 kHz) of our 
current amplifier. High KCl concentration has been shown to reduce DNA−graphene 
interactions and lead to shorter dwell times for folded dsDNA translocation events.40 It is 
likely that a similar mechanism is happening in pore A.  
In addition to ionic current measurements in the dark, we also applied light to the 
nanopores to quantify the ionic current under illumination and explore the optical 
response of monolayer WS2 nanopores in a biased ionic environment. The 
measurement setup is illustrated in Figure 4.7a. By means of a complementary metal-
oxide-semiconductor (CMOS) camera and a 4X objective lens (NA = 0.1), a 532 nm 
wavelength laser was monitored and focused on WS2 nanopore devices mounted on a  
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Figure 4.7: Optical activity of WS2 nanopores in 1 M KCl solution. (a) Schematic of the optical 
measurement setup. (b) Change in ionic current through WS2 and SiNx nanopores with laser 
exposure. Ionic current (IB) measurements at VB = 100 mV were obtained for two WS2 nanopores 
of effective diameters (deff) of (i) 11.1 nm (pore C) and (ii) 43.2 nm (pore D) and a SiNx nanopore 
with (iii) deff = 4.8 nm. Periods when the laser (power density = 3 W/cm2) is turned on (light) and 
off (dark) are represented in green and black, respectively. (c) Change in effective diameter of 
pore C with time. The regions with the laser on (green) were extracted and concatenated into a 
single plot (inset) as a function of exposure time, tL. The resulting exponential fit for the relation 
between effective nanopore diameter and laser exposure time is given by α = 55.1 nm, β = 43.5 
nm, and γ = 249.5 s. (d) STEM observation of the laser-induced expansion of nanopores. STEM 
images were obtained of WS2 nanopores (outlined in yellow) with initial diameters (dTEM) of (i) 4.6, 
(iii) 4.0, and (v) 4.0 nm. Images after laser exposure (tL ∼ 5s) to power densities of (ii) 5400, (iv)
90, and (vi) 3 W/cm2 at VB = 0 V show expansion of pores. Corresponding conductance values
before and after exposure are also provided.
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3-axis micromanipulator stage. The power density of the laser was changed via a
variable neutral density filter and by varying the laser driving current, both of which were 
calibrated using a power meter.  
In order to understand the effect of light on a WS2 nanopore in an ionic solution, 
the pore conductance of multiple devices was measured as a function of laser exposure 
time. Here, we show results for a WS2 nanopore (pore C) with an effective diameter (deff 
= G/σ) of 11.5 nm. As illustrated in Figure 4.7b(i), IB was monitored at a constant VB = 
100 mV while the laser was turned on and off alternately with a constant power density 
of 3 W/cm2. Before exposure, the pore conductance in the dark was stable over a period 
of 1 h. However, during laser exposure, IB was seen to increase (green) and remained 
constant when the laser was turned off (black). This seemed to be an irreversible effect, 
resulting in ionic current time traces consisting of a series of constant current periods (in 
the dark) connected by periods of increasing current (under laser illumination). 
Membrane charging cannot explain these observations, which would otherwise exhibit a 
return to the original conductance upon dissipation.36 We instead attribute it to a 
permanent physical expansion of the nanopore, confirmed by STEM imaging of 
nanopores, as discussed later. A similar result was obtained for (ii) another WS2 
nanopore (pore D, deff = 43.2 nm) under the same voltage and power density conditions. 
However, this was not the case for (iii) a SiNx nanopore (deff = 4.8 nm), which showed no 
change in ionic current as a function of laser exposure at the same power density. This 
control measurement demonstrates that solution evaporation and/or solution heating is 
not the responsible mechanism for our observation, as either could cause a variation in 
ionic current regardless of the nanopore membrane material. It should be noted that 
enhancement of ionic current through a SiNx nanopore has been reported previously but 
at power densities ∼6 orders of magnitude higher than what is used here.36 
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The observed nanopore expansion was further characterized by calculating the 
change in the effective nanopore diameter throughout the experiment for pore C (Figure 
4.7c). The regions when the pore was exposed to light (green) were extracted and 
concatenated (Figure 4.7c, inset) to help understand how deff changes with the laser 
exposure time (tL). The deff versus tL plot was best fit empirically to an exponential trend: 
deff(tL) = α – βexp(-tL/γ), where α = 55.1 nm, β = 43.6 nm, and γ = 249.5 s. The rate of 
expansion of the nanopore can then be calculated as deff’(tL) = [β/γ]exp(-tL/γ), where β/γ 
is the initial rate of expansion of pore. For pore C, this value was calculated to be 0.2 
nm/s, and for pore D, it was 0.4 nm/s. The approximate initial expansion rate was also 
calculated for other power densities by measuring the conductance change due to 
exposure of tL = 5 s. It was seen that the expansion rate increased as the laser power 
density increased. To ensure that the low VB = 100 mV did not affect the nanopore, 
conductance was measured and seen to be constant for an hour in the dark. Nanopore 
illumination was also repeated with VB = 0 V, and conductance was measured in the 
dark after illumination, resulting in outcomes similar to those presented here.  
To gain a better understanding of how nanopore expansion varies with power 
density, three nanopores were subjected to different power densities for tL = 5 s and 
observed under STEM. In all cases, we measured the conductance before and after 
exposure. After the ionic measurement, the membrane was rinsed from the salt solution 
with water and annealed to allow for subsequent STEM imaging. Figure 4.7d shows 
STEM images of WS2 nanopores with dTEM = 4.6 nm (i) before and (ii) after being 
exposed to a power density 5400 W/cm2, dTEM = 4.0 nm (iii) before and (iv) after being 
exposed to a power density of 90 W/cm2, and dTEM = 4.0 nm (v) before and (vi) after 
being exposed to power density of 3 W/cm2. While the highest power density physically 
breaks the suspended membrane completely, the lower power densities gradually 
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increase the pore size. This is also evident from the measured change in pore 
conductances, which increased by ∼1275 nS for a power density of 5400 W/cm2, by 
∼592 nS for 90 W/cm2, and by ∼39 nS for 3 W/cm2. It is possible in some cases to find
other pre-existing pores in the membranes that can further grow due to e-beam 
exposure during STEM imaging. 
Even though we see irregular pore shape growth for large light intensities (90 
W/cm2), we see steadier and more controlled expansion at lower light intensities (3 
W/cm2), as shown in Figure 4.7d. By further optimization of this process, the use of 
controlled light pulses with controlled intensity and duration, it may be possible to make 
this process highly controllable and usable for applications. This is somewhat analogous 
to recently developed membrane electroporation protocols using voltage pulses.79 While 
these voltage pulses can break the membrane at high voltage and long durations, the 
procedure has been optimized for nanopore formation by fine control of the magnitude 
and duration of the pulses.  
We also explored the impact of laser exposure on intact suspended WS2 
membranes containing no e-beam-drilled nanopores. A rectifying curve with G0 = 2 nS 
(corresponding to deff = 0.2 nm) indicates the possible presence of intrinsic sub-
nanometer pinholes in the membrane.147 Upon laser exposure (power density of 90 
W/cm2, tL = 15 s), the conductance increased to 9 nS (deff = 0.8 nm). A further increase 
in power density (power density of 5400 W/cm2, tL = 6 s) did not increase the 
conductance or break the membrane. This seems to indicate that laser exposure might 
help form additional pathways for ionic flow if there are existing defects in the 
membranes. However, intentional e-beam damage used to create nanopores with 
exposed edges plays the dominant role in the further expansion of the nanopores upon 
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illumination, and the ionic current through it is the major contribution to the measured 
ionic current in nanopore devices.  
Based on our observations, we propose that e-beam-induced defects of optimal 
size provide sites for photo-oxidation to take place in WS2 membranes in an ionic 
solution, which generally occur at grain boundaries,2 leading to expansion of nanopores 
under laser illumination in KCl solution. 
4.3 MoS2 Nanoporous Membranes (2D) 
4.3.1 Focused Ion Beam Irradiation 
In this section, we turn our attention to ensembles of sub-nm and nm-scale pores 
in monolayer 2D materials, which have received extensive attention for applications such 
as fluid filtration, energy generation, and gas separation.119,161,181 We report ionic 
transport measurements through MoS2 membranes with a population of sub-nm pores 
introduced by controlled Ga+ ion irradiation at 30 kV.147 We study the vacancy-defects 
and the resulting properties of the suspended MoS2 lattices using AC-STEM, Raman 
spectroscopy, and PL spectroscopy. We observe the longitudinal acoustic (LA) band and 
defect-related PL, and determine the vacancy-defect size distribution as a function of 
Ga+ ion irradiation dose, showing median defect diameters in the range of 0.3-0.4 nm. 
Single-layer MoS2 flakes were synthesized as discussed in Section 2.1.1 (Figure 
4.8a). The presence of monolayer material was confirmed by fluorescence microscopy 
(Figure 4.8b, 673 nm bandpass filtered). In order to maintain the rigidness of the 
material, we focus on monocrystalline MoS2. Single-layer MoS2 flakes were transferred 
onto carbon grids or SiNx using a PMMA-assisted transfer (see Section 2.2.1). Atomic 
vacancy-defects were introduced by rastering a 30 kV Ga+ ion probe over a certain area 
(Figure 4.8c) using a focused ion beam (FIB). The degree of defectiveness was 
72 
controlled by varying the Ga+ ion dose from 6.25×1012 ions/cm2 until the PL signal of the 
irradiated MoS2 fell into noise level (2.50×1013 ions/cm2). After prolonged irradiation, the 
fluorescence signal was suppressed regardless of dose. Further discussion of FIB 
irradiation dose calculations and details will be given in Section 4.4.1. 
The effect of Ga+ ion irradiation on MoS2 flakes supported on a SiNx substrate 
was investigated by Raman and PL spectroscopy (Figure 4.8d and 4.8e, respectively). 
After Ga+ ion irradiation, several Raman peaks located around 200 cm-1, in the vicinity of 
the longitudinal acoustic (LA) band emerged, whereas the first-order in-plane (E’) and 
out-of-plane (A’1) modes remained unaffected.108 The LA band consists of several peaks 
including LA (~M), LA (~K), and a van Hove singularity at the saddle point between K 
and M point in the Brillouin zone. Since these LA (~M) and LA (~K) modes far from Γ-
point are only activated when defects are introduced into the MoS2 lattice, their relative 
intensity with respect to the A’1 mode (I(LA)/I(A’1)) can be used as an indicator of the 
Figure 4.8: Optoelectronic characterization of FIB irradiated MoS2 on SiNx substrates. (a) Optical 
image and (b) fluorescence image (673 nm-centered bandpass filtered) of as-grown single-layer 
MoS2. (c) Schematic illustration of focused Ga+ ion beam-based irradiation process. (d) Raman 
and (e) photoluminescence spectra of pristine and irradiated MoS2. 
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degree of crystallinity. The relative intensity, I(LA)/I(A’1) increased with higher Ga+ ion 
doses (see inset of Figure 4.8d), as expected.  
The PL of the MoS2 flakes on the SiNx substrate was also found to be sensitive to 
ion irradiation. For pristine MoS2, there are two peaks at 1.88 and 2.03 eV in the PL 
spectra, corresponding to the A and B exciton peaks, respectively. The A exciton peak is 
composed of two sub-peaks with energy at 1.88 eV (neutral exciton: A0) and 1.82 eV 
(trion: A-). After Ga+ ion irradiation, the A0 peak was suppressed and a bound exciton (D) 
peak located at ~ 1.72 eV, attributed to defect-mediated radiative recombination, 
arises.21,151 The spectral weight of the D peak becomes higher with increasing Ga+ ion 
dose similar to the relative intensity of the LA band, and at a dose of 2.5×1013 ions/cm2, 
the PL intensity becomes close to the noise level. The enhancement of the LA band and 
the suppression of the neutral exciton reflect an increase in MoS2 defectiveness (e.g., 
number and size of vacancies) after the Ga+ ion irradiation. We later characterize the 
structural and chemical characteristics of these defects using AC-STEM (Section 4.4.1). 
The MoS2 membranes containing sub-nm defects created through Ga+ FIB 
irradiation were probed in a two-terminal ionic transport setup as shown in Figure 4.9a. A 
MoS2 flake was selected under an optical microscope and then transferred over a SiNx 
window with a ~ 200 nm diameter FIB hole. The membrane was then irradiated with 
doses ranging from 6.25×1012 to 2.50×1013 ions/cm2 to create atomic vacancies with 
average single defect diameters between 0.4 and 0.5 nm. The top inset of Figure 4.9b 
shows a STEM image of a suspended MoS2 membrane over a FIB hole exposed with a 
dose of 2.50×1013 ions/cm2. A resultant non-linear IV curve is shown in Figure 4.9b for 
an irradiated MoS2 membrane (device P, dose = 1.60×1013 ions/cm2). For comparison, a 
similar trace is shown in the bottom inset for a pristine sample demonstrating a baseline 
ionic conductance (G = dI/dV) of ~ 10 pS.  
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Figure 4.9c-d shows ionic current traces at VB = 0.1 V and the corresponding 
current noise for two devices (dose = 1.60×1013 ions/cm2). It should be noted that only 
those devices which have an ionic conductance G > 5 nS in the range ± 0.1 V are shown 
here. For devices exhibiting G < 5 nS, the defects are too small to allow significant ionic 
flow below a certain threshold voltage (discussed below), thus making ionic noise 
extraction difficult. The power spectral density was extracted from current traces and fit 
to the equation (PSD = I2A/fα) described in Section 4.1. All the devices showed a noise 
Figure 4.9: Ionic transport and noise characteristics of FIB-irradiated MoS2 membranes. (a) The 
experimental setup to measure the conductance of nanoporous MoS2 membranes. (b) Current-
voltage plot of a MoS2 device irradiated with a dose of 1.60×1013 ions/cm2 showing a non-linear 
trend in the voltage range VB = ± 0.8V (orange, device P). (Bottom inset) Current-voltage curves 
for a pristine MoS2 membrane (black) and the same irradiated MoS2 device for VB = ± 0.1 V. (Top 
inset) STEM image of a suspended MoS2 membrane exposed to a Ga+ irradiation. (c) Current 
versus time traces at an applied voltage of VB = 0.1 V and (d) the corresponding power spectral 
density for two devices (devices P and Q, dose = 1.60×1013 ions/cm2). 
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exponent value, α ~ 1 and noise coefficient, A ~ 10-4-10-5, suggesting dominant low-
frequency noise that has previously been demonstrated in 2D nanopore devices.107,185 
Figure 4.10a presents the IV curves for a pristine membrane and 15 devices 
irradiated at three different doses (Dose 1 = 6.25×1012, Dose 2 = 1.11×1013, Dose 3 = 
2.50×1013 ions/cm2). We note that while a total of 25 devices were irradiated and tested, 
10 of these yielded negligible ionic conductance (G ~ 10 pS) comparable to non-
irradiated, i.e. pristine samples, close to our detection limit, and are not shown here. In 
Figure 4.10a, several of the 15 IV curves plotted overlap (6 red - Dose 1, 4 green - Dose 
2, 5 blue - Dose 3, 1 black - pristine). Six representative differential conductance (dI/dV) 
curves for Doses 1-3 are shown in Figure 4.10b. Collective current passing through 
multiple angstrom-size pores in a MoS2 membrane resulting in non-linear IV curves at 
voltages, VB ≥ 0.1 V, are displayed by ~ 80% of the devices. At lower voltages (VB < 0.1 
V), the IV curves are linear (Figure 4.10a inset). Such non-linear trends have been 
observed previously for sub-nm 2D pores and were attributed to stripping of the ionic 
solvation shell at higher driving voltages.58 About 20% of devices showed higher 
conductance (G > 5 nS) and a linear trend even up to 1 V. This may be due to the 
merging of individual angstrom-size pores or their enlargement over time, resulting in 
higher conductance values and linear IV behavior that is typically observed in 
nanometer-size pores that are well-described by the continuum model.58,163 
Despite a large number of defects, most of them are very small, below ~ 5 Å 
(detailed statistics can be found in Section 4.4.1). Based on molecular dynamics 
simulations, such pores are expected to be too small for ions to flow through but should 
allow water molecules to pass.51 We therefore expect the measured conductance in the 
range of VB = ± 0.1 V of the irradiated MoS2 membranes to be low, and indeed, it was 




conductances of the irradiated devices were ~ 1 nS for Doses 1 and 2, increasing to ~ 
10 nS for Dose 3. We compare and contrast the irradiated membranes to single 
nanopore devices in Figure 4.10c, which plots the conductances of the nanoporous 
membranes as a function of the effective defect diameter D (including the mean G for 
each dose). Effective D is defined as the diameter of a circle with the same area as the 
pore (calculated using ImageJ software). We compare our results with previously 
Figure 4.10: Conductance and literature comparison of FIB-irradiated MoS2 membranes. (a) 
Ionic current vs. voltage (IV) curves measured for pristine and irradiated MoS2 membranes with 
Dose 1 = 6.25×1012, Dose 2 = 1.11×1013, Dose 3 = 2.5×1013 ions/cm2. The applied sweep rate 
was between 5-20 mV per second. (b) Corresponding dI/dV with respect to voltage for non-linear 
IV curves in (a). (c) Conductance, G is shown as a function of the pore diameter for both the 
continuum (black, yellow, orange, and pink) and molecular dynamics (MD) simulated (blue) 
models. Plotted are also G values from the MD model discussed in the text for five simulation 
pores, the experimentally-obtained G values for MoS2 nanoporous membranes and single 





published literature on other sub-nm 2D pores and thinned silicon nitride/amorphous 
silicon membranes with D ~ 0.3 to 2 nm.140,156 Also presented are fits (solid lines) to both 
continuum and molecular dynamics conductance models.147 
The average conductance measured for Dose 1 is ~ 1.4 nS, slightly higher than 
that of Dose 2 (1.11×1013 ions/cm2), where the measured average conductance is 0.9 
nS. While the larger Dose 2 is expected to give larger mean conductance than Dose 1, 
the averaged experimental results can be explained by the following two factors: (i) the 
mean vacancy sizes obtained from these two doses are very close to each other, i.e., 
0.4 nm and 0.5 nm for Dose 1 and Dose 2, respectively, and (ii) the spread in the 
conductance values for different samples, irradiated at each dose, is larger than the 
difference between the averages of the two doses. Dose 3 (2.5×1013 ions/cm2), which is 
the highest dose used, yielded the largest mean conductance (~10 nS), consistent with 
expectations that samples irradiated with larger dose yield higher ionic conductance. 
These observations constitute the first reported fabrication of nanoporous MoS2 
membranes containing ~ 100-1000 angstrom-size pores with a mean diameter of ~ 0.5 
nm and characterization via atomic resolution imaging, Raman, and PL spectroscopy.147 
The conductance in 80% of devices was on the order of 1 nS. Our experiments and 
comparison with single pore data demonstrate that ionic conductance only occurs 
through a few larger pores in the distribution and that majority of the defects do not allow 
ions to pass through. These results have direct implications for water desalination, 
osmotic power generation, and low-dimensional ionic transport applications. 
4.3.2 Acid Etching 
 From sub-nm pores in monolayer crystals over micron distances, ionic transport 
in 2D membranes can be adapted up to centimeter length scales using industrial 
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etchants and MoS2 thin films.102 Specifically, we demonstrate the acid-assisted etching 
of MoS2 films as a new means of fabricating 2D nanoporous membranes. These 
structures are produced through a simple and scalable process that results in 
mechanically stable, high quality membranes. The structural characteristics of cm-scale 
MoS2 films grown by sulfurizing Mo foil are first analyzed using a combination of AFM, 
Raman spectroscopy, and AC-STEM. We then develop a multi-step wet-etch procedure 
to produce suspended membranes and utilize an industry-standard etchant to induce 
nanopore formation. AC-STEM is used to quantify the size and density of nanopores as 
well as to provide insights into the pore formation mechanism at the atomic scale. 
Figure 4.11: Characterization of pristine as-grown and transferred MoS2 films. (a) Optical image 
of a cm-scale MoS2 film grown through Mo foil sulfurization. (b) Raman spectrum (excitation 
wavelength = 532 nm), (c) AFM scan, and (d) optical image of a continuous 0.2 cm x 0.2 cm 
MoS2 film transferred onto a Si/SiO2 substrate. The difference between the in-plane (E12g) and 
out-of-plane (A1g) phonon modes (E12g - A1g = 24.5 cm-1) in (b) and the line profile in (c) are both 
consistent with an average thickness of 5.5 nm (N ~ 6-7 layers). (e) Low-magnification STEM 
image of a 4 x 4 array of 1 µm diameter MoS2 membranes (i.e., suspended MoS2 films) on a 
holey carbon film. (f) SAED pattern of a MoS2 membrane showing (100) and (110) ring patterns, 
suggesting a polycrystalline structure. 
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We grow cm-scale MoS2 films through the sulfurization of unannealed, 
commercially available Mo foil.7 Figure 4.11a shows a 1 cm x 4 cm piece of Mo foil after 
the sulfurization process. The growth of MoS2 on top gives the gray Mo foil a purple hue 
under ambient light. Raman spectroscopy reveals two characteristic vibrational modes: 
an in-plane E12g mode at 384.7 cm-1 and an out-of-plane A1g mode at 409.2 cm-1 (Figure 
4.11b). The separation of 24.5 cm-1 between the two modes suggests that the average 
thickness of the MoS2 is approximately (N ~) 6-7 layers.84 This is consistent with AFM 
scans, which reveal an average height of 5.5 nm (Figure 4.11c). Because of their multi-
layer structure, these MoS2 films are more robust than their monolayer counterparts and 
can therefore be more readily processed and transferred on large scales.68,70,161 Figures 
4.11d and 4.11e show images of cm-scale MoS2 films that have been transferred with 
mostly no tears or discontinuities. Subsequent SAED patterns reveal two concentric 
rings corresponding to the (100) and (110) lattice spacings of the MoS2 basal plane 
(Figure 4.11f). The presence of rings as opposed to distinct diffraction spots indicates 
that the MoS2 membranes have an overall polycrystalline structure.142 
In addition to being polycrystalline, these MoS2 membranes also have a relatively 
high surface roughness (σ ~ 1.9 nm) in comparison to exfoliated monolayer MoS2 (σ ~ 
0.1 nm) (Figure 4.11c).130 This suggests that despite having an average thickness of N ~ 
6-7 layers, the resulting membranes contain a varying number of layers. We therefore
utilize HAADF AC-STEM imaging, which provides insight into both crystal structure and 
thickness at the atomic scale.75,147 Figure 4.12a shows a representative few-layer region 
(i.e., matrix) of a MoS2 membrane measuring roughly 280 nm2 (AC-STEM field of view). 
The trigonal prismatic (2H) MoS2 lattice in a monolayer region transitions to a Moiré 
superlattice in thicker multi-layer regions due to interlayer twisting.54,173 The false-colored 




thickness: N = 1 (purple), 2 (red), 3 (yellow), and 4 (blue) layers. About 4% of the matrix 
area shown is monolayer (N = 1) whereas the bi- (N = 2), tri- (N = 3), and quad-layer (N 
= 4) areas occupy 29%, 41%, and 26%, respectively. A fast Fourier transform (FFT) of 
the monolayer region encased in this few-layer matrix reveals one set of six-fold 
symmetric (100) (orange) and (110) (green) diffraction spots (Figure 4.12c(i)).60 FFT 
patterns of thicker regions containing N layers each exhibit a corresponding N sets of 
six-fold symmetric diffraction spots with twist angles of ~ 9-11° between layers (Figure 
4.12c(ii)-(iv)). We note that while annealed Mo foil growth substrates have been shown 
to yield monolayer MoS2 films,145 unannealed Mo foils are integral to the few-layer 
Figure 4.12: Monolayer regions in a few-layer MoS2 matrix. (a) High magnification HAADF AC-
STEM image of a few-layer matrix in a pristine MoS2 membrane. Excluding areas with polymer 
contamination, thicker regions generally have a higher intensity due to HAADF Z-contrast 
behavior. (b) False-colored version of (a) with highlighted regions of the membrane for N = 1 
(purple), 2 (red), 3 (yellow), and 4 (blue) layers. (c) (i-iv) Corresponding FFT patterns for selected 
areas within the few-layer matrix shown in (b) with (100) and (110) diffraction spots highlighted in 
yellow and green, respectively. The number of layers (N) in a specific region of the matrix is 
equivalent to the number of sets of six-fold symmetric diffraction spots in the corresponding FFT. 
For N = 2-4, the twist angle between layers is ~ 9-11°. The scale bars in (c) correspond to 4 nm-1. 
 
81 
matrix-like structures shown here, due to their comparatively high surface roughness of 
σ ~ 13 nm. In other words, the initial roughness of the underlying substrate is exploited 
for simultaneous growth of monolayers and multilayers within the same sample. Further 
characterization on annealed Mo foils, such as Raman and X-ray photoelectron 
spectroscopy (XPS), can be found in the works of Tai et al.145 and Bai et al.7 
Nanoporous membranes from uniformly monolayer 2D materials are often limited 
by crystal size, poor transfer techniques, and/or non-scalable pore formation methods.161 
By utilizing the matrix-like structure of these MoS2 films, we fabricate atomically thin 
membranes that can be grown, transferred, and etched over relatively large (cm-scale) 
areas. The etching procedure we utilized is illustrated in Figure 4.13: the MoS2 film 
Figure 4.13: Schematic of nanoporous MoS2 membrane fabrication using PAN etchant. (a) MoS2 
films are isolated by (b) depositing a protective polymer (PMMA) layer and etching away the 
underlying Mo foil. (c) After being cleaned in DI H2O, the film is (d) placed in the PAN etchant, 
which results in the (e) formation of pores. After being cleaned in DI H2O, the MoS2 is (f) placed 
on a supporting substrate such as a holey carbon film, dried, and rinsed with acetone, which 




supported on Mo foil is first cut into cm-scale pieces, coated with a protective polymer 
(PMMA) layer, and placed in iron chloride (FeCl3) solution (Figures 4.13a-b). In the 
presence of FeCl3, which acts as a Lewis acid, the Mo foil is etched away via an 
oxidation reaction.4 Residual FeCl3 is then removed by transferring the floating polymer-
coated MoS2 film to a water bath (Figure 4.13c). Next, the MoS2 is placed in a bath 
containing PAN etchant (54:21:13:12 (v/v) mixture of H2O, phosphoric, nitric, and acetic 
acids), which is ubiquitously used in the semiconductor industry as an etchant for Mo 
and Al thin films.91,112 This results in the formation of pores over the entirety of the film 
(Figures 4.13d-e), the mechanism of which is discussed later. We use etch times 
between 0 (pristine) and 90 minutes in this study. The process is completed by an 
additional water rinse, transfer to a substrate such as holey carbon or silicon nitride 
(SiNx), and finally placement in acetone. The latter causes removal of the sacrificial 
polymer layer and results in a nanoporous MoS2 membrane (Figure 4.13f).  
After treatment in the PAN etchant for 30 minutes, the porous area percentage 
and average pore diameter are roughly 1.4% and 15 nm, respectively. Additional 
exposure to the etchant for 60 and 90 minutes increases the porous area to 1.7% and 
7.1%, respectively. The average pore diameter also increases from 19 to 26 nm while 
the number of pores nearly doubles from 60 to 140 pores. This demonstrates that etch 
time can be used to controllably fabricate nanoporous MoS2 membranes with tunable 
pore ensemble characteristics.  
We also use AC-STEM imaging to investigate the mechanism for pore fabrication 
at the atomic level. Figure 4.14a shows a high-magnification AC-STEM image of the 
monolayer region of a pristine MoS2 membrane. We focus here on monolayer areas, 
which are observed to etch before thicker multi-layer regions (see Figure 4.14c). 




lattice as missing and high-intensity atoms, respectively (Figure 4.14a). After exposure 
to the PAN etchant, more V1Mo vacancies in the membrane become visible. In particular, 
vacancies tend to appear along or near grain boundaries in the polycrystalline 
membrane (Figure 4.12c). Figure 4.14b shows a high-angle (θ = 31°) grain boundary 
(outlined in white) between two monolayer regions in which a large concentration of V1Mo 
vacancies is spatially localized to the interface. Such vacancies are not present at other 
grain boundaries in the pristine material and are therefore attributed to the etching 
process. Further etching of the membranes results in the expansion and joining of 
vacancies into larger nanopores that form preferentially along grain boundaries (Figure 
4.14c). In some cases, grain boundaries over 20 nm in length were found to be 
Figure 4.14: Nucleation and expansion of nanopores in monolayer MoS2 regions due to PAN 
etching. (a) High-magnification AC-STEM lattice image of a monolayer region showing the 
presence of foreign dopants and intrinsic transition metal vacancies (V1Mo). (b) High-angle (θ = 
31°) grain boundary between two monolayers showing the preferential formation of vacancies 
along grain boundaries due to PAN etchant exposure. Further exposure results in the (c) 
expansion of vacancies into larger nanopores and eventually the (d) complete etching of grain 
boundaries. (e) Schematic of the ionic transport setup used to measure the conductance of 
nanoporous MoS2 membranes. (f) IV curves (± 500 mV) for pristine (blue) and etched (purple – 
30 minutes, red – 60 minutes) MoS2 membranes with corresponding ionic conductance values. 
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completely etched to form linear voids (Figure 4.14d). Previous reports have shown that 
grain boundaries in TMDs contain a high density of defects such as chalcogen 
vacancies (V1S and V2S) and distorted 4/8-fold rings.29 The highly confined formation of 
pores and vacancies along grain boundaries (Figures 4.14b-d) therefore suggests that 
intrinsic defects primarily located at grain boundaries within the polycrystalline MoS2 
membrane act as nucleation sites for the PAN etchant-based reaction.  
Fluid filtration, energy generation, and biomolecule detection have recently been 
demonstrated using porous TMD membranes due to the ability of pores and vacancies 
to form ionic channels in solution.25,53 Here, we demonstrate variable ionic conductance 
through nanoporous MoS2 membranes fabricated via PAN etching. The experimental 
setup is similar to ones described previously (Figure 4.2b). The obtained current-voltage 
(IB-VB) curve for a pristine MoS2 membrane yields a negligible ionic conductance (i.e. 
slope) of roughly 1 nS (Figure 4.14f, blue). A membrane that has been exposed to 30 
minutes of PAN etching exhibits an increase in conductance to 21 nS due to the 
formation of additional pores in the MoS2 (Figure 4.14f, purple). The red curve in Figure 
4.14f shows the comparatively high conductance (130 nS) obtained from a membrane 
etched for 60 minutes. This monotonic increase of conductance with etch time is 
expected due to higher porous area percentages, resulting in increased ionic current 
across the membrane. The measured noise in our samples is also similar to the reported 
noise for pores in monolayer membranes.25 This is consistent with the overall picture 
that ionic transport primarily occurs through pores in thin, monolayer regions of the MoS2 
membrane, despite having an average thickness of a few layers. 
The idea of PAN acid-based etching allows for the production of suspended cm-
scale nanoporous MoS2 membranes with tunable pore sizes and densities. The utilized 
combination of AFM, Raman spectroscopy, SAED, and AC-STEM in this study provides 
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a wealth of insights into the structural and chemical properties of these ionic transport 
platforms. These membranes satisfy several practical requirements: the presence of 
monolayers for obtaining high ion/gas flux, combined with the structural robustness of 
multilayers. This work also provides a unique approach to increasing the robustness of 
such membranes by characterizing and employing the often under-utilized multi-layer 
form of 2D materials, while at the same time not relying on thicker, laminate membranes. 
Coupled with recent advances in 2D materials growth and substrate engineering, the 
direct spatial correlation between atomic defects and larger pores yields opportunities to 
tune the size, density, and location of ionic channels within the membrane. 
4.4 WS2 Nanoporous Membranes (2D) 
4.4.1 Focused Ion Beam Irradiation 
Focused ion beams are widely-utilized instruments in the semiconductor industry 
for the doping and patterning of nanomaterials. In Section 4.3.1, it was briefly mentioned 
how a focused ion beam was used to fabricate sub-nm defects in a suspended MoS2 
membrane. Here, we look further into the details of the irradiation process and 
demonstrate structural, optoelectronic, and dose-related effects in the context of 
monolayer 2D materials using AC-STEM, Raman, and PL spectroscopy.  
Figure 4.15a shows a schematic of the process used to irradiate monolayer 
TMDs. A TMD flake grown by CVD is transferred through a chemical wet etch process, 
suspended on a holey carbon substrate, and exposed to a 30 kV Ga+ focused ion beam 
that is incident normal to the sample. We use a combination of Raman spectroscopy, PL 
spectroscopy, and atomic resolution AC-STEM imaging to confirm the monolayer nature 
of our materials. Exposure parameters and dose calculations are discussed later. 




imaging, an AC-STEM technique by which mass contrast information of individual atomic 
positions is obtained, particularly well-suited to atomically thin 2D materials.10 Figure 
4.15b-c are HAADF lattice images of MoS2 and WS2, respectively, that have been 
exposed to FIB irradiation with doses of 1.5×1014 and 5.1×1013 ions/cm2. Within the 
hexagonal lattice structure, single-atom defects (i.e., vacancies) are identified by the 
absence of contrast at regularly-spaced TMD lattice positions. We focus here on 
transition metal sites due to the weak HAADF contrast of S atoms compared to heavier 
Mo/W atoms182 and observe that defects with tunable densities and sizes down to a 
single atom can be engineered over mm-scale areas in TMDs (limited by the FIB 
exposure area). STEM imaging was performed at an acceleration voltage of 80 kV while 
focusing time and probe current were minimized such that transition metal defect 
fabrication from electron beam knock-on damage is expected to be negligible.71,122 
We first demonstrate the underlying mechanisms involved in the irradiation 
process and highlight certain features that are unique in the context of 2D materials. For 
bulk materials, ion beam exposure dose D is generally given as D = It/qA, where I = ion 
Figure 4.15: FIB irradiation of monolayer TMDs. (a) Graphic of pixel-by-pixel irradiation 
mechanism on a TMD flake (orange) suspended over 1-micron diameter holes using a focused 
Ga+ ion beam (yellow). The inset illustrates the raster pattern of the FIB. HAADF AC-STEM 
images of suspended monolayer (b) WS2 and (c) MoS2 flakes after FIB irradiation with doses of 
1.5×1014 and 5.1×1013 ions/cm2, respectively. Defects are recognized by the absence of contrast 
at lattice sites. Due to the Z-contrast behavior of HAADF imaging, the image intensity of S atoms 





beam current, t = total exposure time, q = ion charge, and A = exposure area.56 
However, this concept has been loosely borrowed for 2D materials where ions are used 
for defect creation98,147 and as shown later, fails to accurately account for the irradiated 
area since beam raster can cause non-uniform irradiation on materials at the nanoscale. 
We suggest the following empirical formula that more accurately describes the 
direct-ion impact which can cause the spatial distribution of defects formed in 2D 
materials: D = ItdNs/qAbeam, where td = dwell time per pixel, Ns = number of scans, and 
Abeam = area of the ion beam spot. Compared to the bulk formula, total exposure time 
here is determined by the number of repetitive scans, Ns, on each pixel. Previous dose 
calculations employ area A as the total area of all pixels in the imaging area. However, 
only a small region of each pixel is exposed to the ion beam. Therefore, our dose 
calculation only accounts for the area of the ion beam spot size (Abeam) that is irradiated 
within each pixel (see inset of 4.15a). In this study, scans are controlled with a resolution 
(np) of 416×416 pixels, pixel width of 600×600 nm, and dwell time (td) of ~ 16 µs/pixel to 
irradiate a selected region of the suspended flake, unless otherwise specified. 
Observation of these values and the corresponding dose calculation reveals the 
resolution at which the irradiation was conducted and the possible non-uniform spacing 
between defects. Figure 4.16a shows one such scenario where the raster pattern on a 
monolayer WS2 flake is noticed as dark, irradiated (pink line) and bright, unirradiated 
(blue line) bands in a scanning electron micrograph. This is intuitive as the ion beam 
spot can be described as a Gaussian function whose maximum is incident at the center 
of each pixel.77,106 With a set resolution, the FIB software divides the imaging area into a 
number of pixels over which the beam will scan in a raster pattern. The pixel width, spot 
size, and overlap % of the ion beam play a significant role in decoding and mapping the 
pattern and spacing of defects on an irradiated sample. This is clearly demonstrated in  
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the low-magnification HAADF image of FIB-irradiated monolayer WS2 suspended over a 
2.5 µm diameter hole in Figure 4.16b. Here, we observe linear bands of defective areas 
spaced ~ 500 nm apart. This non-homogeneous pattern corresponds to the raster 
mechanism of the FIB where the spacing between bands or stripes is controlled by the 
specified resolution (i.e., pixel width). High-magnification images reveal that individual 
holes or tears in the material are shaped as equilateral triangles with side lengths of ~ 50 
nm (Figure 4.16c). Single triangles coalesce into larger defects near band centers, 
where the middle of the Gaussian ion beam hits the sample (Figure 4.16d).  
Figure 4.16: Spatial non-uniformities in FIB-irradiated 2D materials. (a) SEM micrograph 
displaying the raster pattern caused by an ion beam at 4.3×1013 ions/cm2 (td = 32 µs/pixel) with 
(inset) high resolution image of raster bands/stripes on suspended monolayer WS2. (b) TEM 
micrograph of suspended monolayer WS2 irradiated with a dose of 5.3×1015 ions/cm2 showing 
varying defect density across a suspended WS2 membrane of 2.5 µm diameter. (c-d) Zoomed-in 
images of the two regions indicated in (b), showing triangular tears caused by Ga+ ion irradiation. 
89 
We also probe the effects of varying irradiation dose D, achieved by retaining a 
constant dwell time per pixel, td, and changing the total number of FIB raster scans, NS. 
In addition to pristine material, irradiation doses ranging over three orders of magnitude 
from 5.1×1013 to 3.1×1016 ions/cm2 are studied. Figure 4.17 shows a series of low 
magnification (top row) and high magnification (bottom row) HAADF AC-STEM images 
of variably-irradiated suspended monolayer WS2 membranes. A low degree (5.1×1013 
ions/cm2) of irradiation results in the appearance of single transition metal atom defects 
(Figure 4.17c-d). Larger levels of FIB irradiation (6.4×1014 to 1.9×1015 ions/cm2) exhibit a 
denser distribution of single atom to sub-nm defects (Figure 4.17e-h).  
Quantitative analysis for all doses is discussed later in Figure 4.18. Under an 
order of magnitude higher dose 3.1×1016 ions/cm2, the membrane begins to display 
larger, nm-scale defects (Figure 4.17i-j). We note that unlike irradiated graphene, which 
becomes heavily contaminated due to the pinning of atmospheric impurities at defect 
sites,152 the exposed TMDs did not exhibit a noticeable increase in contamination until 
doses above 1016 ions/cm2 due to the presence of ablated material on the membrane. 
This suggests that defects in TMDs are less chemically reactive than defects in 
graphene, which can facilitate consistent structural characterization across samples and 
over large length scales. Above 3.1×1016 ions/cm2, irradiated membranes were observed 
to be mechanically unstable and prone to collapse.27  
Moving from atomic- to bulk-scale properties, we utilize PL and Raman 
spectroscopy to characterize the effects of FIB irradiation on the optoelectronic and 
phononic structure of TMDs, respectively. Figure 4.17k shows the PL spectra (excitation 
wavelength = 532 nm) obtained from suspended monolayer WS2 membranes exposed 
to FIB irradiation from 0 (pristine) to 3.2×1016 ions/cm2. Spectra were fit to three 




2.02 eV).27 The spectral weight percentage for each excitation as a function of irradiation 
dose is shown in the inset of Figure 4.17k. In particular, XD exhibits a direct dependence 
Figure 4.17: Structural and optoelectronic properties of irradiated TMDs. (Top row) Low- and 
(bottom row) high-magnification HAADF AC-STEM images of suspended monolayer WS2 
exposed to Ga+ FIB irradiation with doses of (a-b) 0, (c-d) 5.1×1013, (e-f) 6.4×1014, (g-h) 1.9×1015, 
and (i-j) 3.1×1016 ions/cm2. (k) PL spectra of FIB-irradiated WS2 with (inset) spectral weight 
percentage plot for the exciton (X0, blue), trion (XT, green), and defect (XD, red) peaks. (l) Raman 
spectra of FIB-irradiated WS2 showing no change over the irradiation dose range.   
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on dose and monotonically increases from 0.7% in the pristine case to 3% for 3.2×1016 
ions/cm2. This is similar to the case of plasma-irradiated WS2, in which XD increases up 
to 40% as function of plasma exposure.21 We also observe that that XT and X0 are not 
sensitive to atomic defects (i.e., sub-nm defects do not induce doping) and note that with 
increasing FIB irradiation, PL peak intensity decreases monotonically by roughly two 
orders of magnitude for both monolayer WS2 and MoS2.147 This suggests that FIB 
irradiation likely produces mainly transition metal defects rather than chalcogen 
vacancies, because chalcogen vacancies were previously found to cause an increase in 
PL intensity, opposite from what we measure.15,151  
In addition to PL, Raman spectroscopy is widely implemented to characterize 
vibrational modes within 2D materials and has previously been used to analyze He+, 
Ne+, Mn+, and Ga+-irradiated MoS2.98,147 Figure 4.17l exhibits the Raman spectra for FIB-
irradiated WS2 for the corresponding doses in Figure 4.17k. Spectra were normalized 
and fit to characteristic WS2 vibrational modes, in particular the second-order longitudinal 
acoustic 2LA(M), in-plane E12g(Г), and out-of-plane A1g(Г) modes.11,110 Over the 
irradiation dose range measured here, we do not observe any changes or significant 
shifts in the Raman spectra. This has also been reported in plasma-irradiated WS2 under 
the same excitation (532 nm) by Chow et al.21 and implies that the primary phonon 
modes in WS2 are not sensitive to defects at this wavelength.  
Due to the versatility of FIB instrumentation, irradiation can be performed on a 
wide range of substrates and materials under a variety of conditions. Here, we 
investigate the role of the underlying substrate on resulting structural and defect 
characteristics. Figures 4.18a and 4.18b show schematically the substrate-supported 
irradiation and characterization processes, respectively. CVD-grown TMD flakes were 




transferred to a holey carbon film using a wet etch process, and imaged using HAADF 
AC-STEM. Figure 4.18c-d exhibits the obtained AC-STEM images for MoS2 (blue) and 
WS2 (red) flakes, respectively. Figure 4.18e-f shows corresponding images for flakes 
that were exposed to the same irradiation dose (5.1×1013 ions/cm2) while suspended on 
a holey carbon film (Figure 4.15a).  
Figure 4.18: Suspended and supported irradiation processes. (a) Schematic of the irradiation 
mechanism for monolayer TMDs supported on a Si/SiO2 substrate using a focused Ga+ ion beam 
(yellow). (b) After irradiation, samples are transferred onto holey carbon films and imaged using 
AC-STEM. HAADF AC-STEM images of (c) substrate-supported MoS2, (d) substrate-supported 
WS2, (e) suspended MoS2, and (d) suspended WS2 after exposure to FIB irradiation with a dose 
of 5.1×1013 ions/cm2. Summarized (g) defect density and (h) average defect area values of 
(square) pristine, (diamond) substrate-supported, and (circle) suspended monolayer TMDs for 
irradiation dose values of 0, 5.1×1013, 6.4×1014, 1.9×1015, 3.1×1016 ions/cm2. 
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By sampling over multiple atomic resolution images, we obtain values for 
average defect area and defect density, defined as the percentage of transition metal 
sites containing vacancies. The results for different FIB exposure conditions including 
irradiation dose, underlying substrate, and TMD material are shown in Figure 4.18g-h. A 
direct dependence of defect density, average defect area, and median defect area on 
irradiation dose is observed. For example, suspended WS2 (red circles, Figure 4.18g-h) 
has defect densities of ~ 0.01%, 0.08%, 0.2%, 0.9%, and 8% for increasing irradiation 
doses of 0, 5.1×1013, 6.4×1014, 1.9×1015, and 3.1×1016 ions/cm2, respectively. Such 
increases in defect area and density are expected due to the creation of new defects as 
well as the enlargement of existing defects as the number of raster scans (Ns) increases. 
The application of different TMD materials and substrates offers additional 
methods of tuning defect properties. For example, under an irradiation dose of 5.1×1013 
ions/cm2, suspended monolayer MoS2 (blue circles, Figure 4.18g-h) has a defect density 
and average area of 1.2% and 0.28 nm2, respectively. These are significantly larger than 
the corresponding values of 0.08% and 0.12 nm2 for suspended WS2. Similar trends are 
observed in supported materials and suggest that defects are more readily produced in 
MoS2 compared to WS2, possibly due to its lower displacement threshold energy.  
 Figure 4.18g-h also demonstrates that the presence of a substrate causes lower 
defect densities and average defect areas. For instance, suspended MoS2 displays an 
average defect area of 0.28 nm2 while supported MoS2 (blue diamonds, Figure 4.18g-h) 
has a lower value of 0.14 nm2 under 5.1×1013 ions/cm2 irradiation. Likewise, the defect 
density of 0.007% for supported WS2 at this dose is an order of magnitude smaller than 
suspended WS2. The average defect area (0.08 nm2) for supported WS2 is consistent 
with the size of a single transition metal vacancy (0.07 nm2). In other words, for the same 
irradiation dose of 5.1×1013 ions/cm2 we obtain single-atom defects in the case of WS2 
94 
and larger defects ranging from 0.05 to 0.4 nm2 in the case of MoS2. This observation of 
larger defects in MoS2 than WS2 is seen in both suspended and supported material. 
 Recent simulations with kV-range Ne+ and Ar+ ion irradiation of MoS2 suggest 
that in addition to direct sputtering, further defects in supported MoS2 are created due to 
backscattered ions and atoms sputtered from the substrate.74,98 However, this is not 
expected for heavier ions such as Ga+. This is consistent with the fact that we do not see 
larger/denser defects in supported materials and also shows that direct ion sputtering is 
more dominant than substrate-induced defects in Ga+-irradiated TMDs.  
While FIB irradiation enables defect engineering with tunable densities and sizes 
down to a single atom, further experimental and theoretical studies are needed in order 
to clarify the different mechanisms that result in defects as a function of ion composition, 
TMD material, and different sample architectures. The observations presented here 
promote future studies on utilizing defects for a thriving variety of potential applications in 
TMDs ranging from nanoporous membranes for gas and fluid transport to newly 
emerging ideas of quantum information processing. 
4.4.2 Focused Laser Irradiation 
In the context of TMDs, porous membranes have been heavily explored for next-
generation catalytic, filtration, biomolecular detection, and energy generation 
applications.79,177 In Section 4.2, the controlled expansion of individual nanopores in 
monolayer WS2 due to laser-induced photo-oxidation was described. Here, we 
demonstrate a similar optical excitation process for the fabrication of nanoporous 
membranes with tunable porosity on time scales of a few seconds.27 We analyze 
changes in the electronic structure of the WS2 membranes through PL spectroscopy in 
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addition to quantitatively and qualitatively characterizing the resulting porous structure 
using atomic resolution imaging (AC-STEM) and compositional analysis (EELS). 
Monolayer triangular WS2 flakes are first grown via CVD as noted in Section 
2.1.2. The flakes are transferred onto perforated carbon grids (perforation diameter ~ 2.5 
μm) using a standard PMMA-based KOH wet etch technique. The use of carbon grids 
enables cross-compatibility between our optical instrumentation, AC-STEM imaging, and 
PL optoelectronic characterization. Samples were irradiated with a laser using a custom-
built illumination setup, as shown in Figure 4.19a. Suspended WS2 membranes were 
immersed in DI water and located optically using a 60X water immersion objective lens 
and an integrated CMOS camera. A green laser (λ = 532 nm, P = 5 mW) was then 
focused on selected membranes for an irradiation time (t) ~ 5 seconds with different 
laser power densities (i.e., doses) modulated using a step variable neutral density (ND) 
filter. DI water provides the necessary oxidizing environment for the photo-oxidation 
reaction.2,123 Due to its higher refractive index in comparison to air, DI water also allows 
for a higher numerical aperture (NA) objective lens (spot size = 540 nm), which localizes 
the effects of photo-oxidation, thus making it easier to analyze the entire affected area 
within the limited field of view of the TEM.  
In our experiments, the laser irradiation dose (D) was varied from ~ 102 to 105 
W/cm2, which is lower than the dose required for laser-induced thermal ablation of 
TMDs.16 Multiple membranes (n ≥ 3) were irradiated for each dose. Immediately after 
irradiation, samples were annealed at 250C for 90 minutes in an Ar/H2 environment to 
reduce hydrocarbon contamination during SEM, STEM, and PL analysis. Based on 
HAADF STEM images and previous reports of annealed nanopores and nanoporous 
membranes,147 annealing at these temperatures, well below the decomposition  
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temperatures of TMDs (~ 600-700°C),96 does not change the size of defects. A 
comparison of SEM images of the samples obtained before and after irradiation revealed 
varying degrees of photo-degradation of the membranes dependent on laser dose 
(Figure 4.19b). Control experiments in air did not show the formation or expansion of 
Figure 4.19: Laser illumination setup for nanoporous WS2 membranes. (a) Schematic of the laser 
irradiation setup where the power of the laser (λ = 532 nm) is controlled using a step variable ND 
filter and focused onto the suspended WS2 membrane immersed in DI water using a 60X water 
immersion objective and an integrated camera. (b) SEM images of monolayer WS2 flakes 
suspended over a holey carbon grid showing photo-oxidation induced damage of a suspended 
membrane before and after laser irradiation with different doses (6.33×104 and 6.31×105 W/cm2). 
A pristine membrane is also shown before and after the experiment. Scale bars are 2 μm. 
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defects in membranes upon laser irradiation, even for long exposure times and doses (~ 
105 W/cm2), strongly suggesting the need of a conducive oxidizing environment.123  
To study the effect of laser-induced damage on suspended membranes, we 
characterize changes in the electronic and physical structure of WS2 using a 
combination of PL spectroscopy and AC-STEM imaging, respectively. Figure 4.20a 
shows the PL spectrum of a pristine suspended monolayer WS2 membrane. An 
excitation wavelength of 532 nm (spot size = 940 nm) and incident laser power of ~ 50 
µW were used to prevent unwanted laser-induced degradation during measurements.16 
A strong PL signal is obtained near the direct band gap value of WS2 (~ 2.05 eV), which 
verifies the monolayer quality of our flake.48 The spectrum is curve-fitted to three 
Lorentzian components – namely the neutral exciton (X0), the trion (XT) and the defect-
related (XD) peaks, which are centered around ~ 2.02, 1.99 and 1.88 eV, respectively.21 
The average spectral weight percentages of the X0, XT, and XD peaks were calculated 
from multiple pristine samples and found to be ~ 74%, 25% and 1%, respectively. 
Figure 4.20b shows the normalized PL spectra of the WS2 membranes before 
and after laser irradiation at different doses. The before spectra were taken on pristine 
WS2 membranes in air prior to immersion and laser irradiation in DI water. The spectra 
indicated as after were also obtained in air, but after the experiment was completed, i.e., 
after the membranes were immersed in DI water and exposed to laser irradiation. For 
the non-irradiated case (D = 0 W/cm2), samples were immersed in DI water but not 
exposed to any laser light. The PL peak shift and intensity changes before and after 
irradiation are plotted for several irradiation doses in Figure 4.20c. The spectral weight 
percentages of post-irradiation spectra were also calculated and are plotted in Figure 
4.20d. It was observed that the PL peak redshifts for all irradiation doses and the shift 
increases with increasing dose, while the PL intensity decays with higher laser irradiation 
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doses. Specifically, the PL redshift was found to be 5.6  5.0 meV and 5.6  3.6 meV for 
D = 0 W/cm2 and D = 4.80×103 W/cm2, respectively, which are both smaller than the 
10.6  6.2 meV shift for D = 6.33×104 W/cm2. This is attributed to increases in the defect 
density, which result in an increasingly larger PL redshift. The non-zero shift for D = 0 
W/cm2 is likely due to a small number of defects caused by water exposure under 
ambient light (discussed later in Figure 4.21a). 
For doses from 0 (pristine) to 104 W/cm2, the XT contribution increases while the 
X0 peak contribution diminishes. While both peaks decay with increasing laser irradiation 
dose, a conversion from neutral to charged exciton emission (n-type doping) is also seen 
via a redshift and broadening of the PL spectra. We note that this is opposite to what 
was observed in plasma-irradiated WS2, in which the XT contribution decreased.21 The 
XD contribution remains negligible (< 10%) for all laser doses, suggesting a different kind 
of defect formation compared to electron beam-induced or plasma-induced defects.21 
For higher doses (D ~ 105 W/cm2), the majority of the membranes were seen to break 
Figure 4.20: PL characterization of laser-irradiated WS2. (a) PL spectra of a pristine suspended 
monolayer WS2 membrane before laser irradiation. PL spectra were fitted to three spectral 
components: neutral exciton, X0 (red), at ~ 2.02 eV, trion, XT (blue), at ~ 1.98 eV, and defect, XD 
(orange), ~ 1.88 eV. (b) PL spectra of suspended WS2 membranes taken in air after being 
immersed in DI water and exposed (green) to laser irradiation (λ = 532 nm) at doses of 0, 
4.80×103, 6.33×104 and 6.31×105 W/cm2, each showing the corresponding spectra before the 
experiment (black). (c) PL peak shift (black) and intensity ratio (red) before and after irradiation as 
a function of laser irradiation dose. (d) Spectral weight percentage of each spectral component in 
the post-experiment PL spectra as a function of laser irradiation dose. 
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and the PL spectra obtained after irradiation are extremely weak compared to those 
obtained before irradiation (> 800-fold decay). The direct dependence of laser-induced 
effects on the laser power we observe (decay of X0 and XT) is similar to what has been 
observed for WSe2 2 but contrary to the power independence in the case of MoS2.123  
To our knowledge, the effects of laser irradiation on intact monolayers and the 
fabrication of laser-induced defects have not yet been explored at the atomic level. A 
better understanding of laser-induced defect creation would allow for not only better 
control of the process for scalable applications but also manipulation of the properties of 
TMDs. To observe the effects of laser irradiation on our WS2 membranes, we 
characterize the exposed samples using TEM, which enables structural observations of 
micron-scale membranes as well as atomic-scale damage. Representative membranes 
for laser irradiation doses of 0, 4.80×103, 6.33×104, and 6.31×105 W/cm2 are shown in 
Figure 4.21a-d, with corresponding AC-STEM images of a single defect outlined in 
yellow shown underneath. The term defect is taken here to mean any region of the 
membrane which does not contain an intact WS2 lattice. Regardless of laser irradiation 
dose, all flakes exhibited white islands visible in the TEM images not present initially, 
which, were determined to be tungsten oxide (WO3) through EELS analysis (Figure 
4.22e). The pristine (D = 0 W/cm2) samples contain a few small photo-induced triangular 
defects (Figure 4.21a). This suggests that tungsten oxide islands and a small number of 
defects form even during water exposure under ambient light. With increasing laser 
irradiation dose, the observed defects have larger areas with a noticeably higher density. 
At the highest dose (D ~ 105 W/cm2), the defected area is large enough such that the 
membrane is structurally weakened and therefore collapses. Two such membranes 
irradiated at 6.31×105 W/cm2, one of which did not collapse, are shown in Figure 4.21d.  
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In order to better understand both the composition and structure of individual 
defects in the nanoporous membranes, we obtain atomic resolution AC-STEM images. 
Figure 4.22a shows the morphology of a typical laser-induced defect (D ~ 103 W/cm2), 
outlined in yellow. EELS analysis of the bright islands visible on the irradiated membrane 
reveals a peak at an energy loss of 532 eV that corresponds to the oxygen K-edge 
(Figure 4.22e). This peak is only observed in the bright clustered features and not 
elsewhere on the membrane. The oxide is also seen to deposit irregularly inside the 
expanded defect, held together by an amorphous, carbon-based matrix. Closer 
observation of defect edges shows the clear demarcation of the intact WS2 lattice and 
amorphous carbon, while no clear lattice structure is seen in the oxide (Figure 4.22c-d). 
We note that unlike molybdenum-based TMDs, where the absence of molybdenum 
oxide (MoO3) after photo-oxidation experiments was attributed to dissolution of the oxide  
Figure 4.21: TEM images and structural properties of laser-irradiated WS2 membranes. (Top 
row) Low-magnification HAADF STEM images of suspended WS2 membranes after exposure to 
laser irradiation doses of (a) 0, (b) 4.80×103, (c) 6.33×104, and (d) 6.31×105 W/cm2 with (bottom 
row) high-magnification images of selected defects. The low-magnification image shown for 
6.31×105 W/cm2 (row (d), top) is one of the few membranes that did not become structurally 
weakened and (row (d), bottom) one which collapsed at this dose.  
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in water,123 previous reports on tungsten-based TMDs using X-ray photoelectron 
spectroscopy and scanning photoemission microscopy have indicated the appearance of 
tungsten oxide oxidation states after laser exposure.6 This agrees with our direct 
observations of oxide islands on the laser-irradiated WS2 membranes. The amorphous 
carbon, which is seen to clog part of the defects, shows up in the EELS background 
spectrum (Figure 4.22e) and is likely the result of the polymer-based transfer process 
and/or the underlying perforated carbon film.  
Figure 4.22: Compositional analysis of the photo-oxidation process. (a-b) AC-STEM images of 
typical photo-oxidation induced defects showing a number of features – (i) defect area (outlined in 
yellow), (ii) nanopore(s) inside the defect, (iii) amorphous carbon-filled part of the defect, (iv) 
tungsten-oxide-filled part of the defect, and (v) tungsten oxide island in the vicinity of the defect. 
(c) AC-STEM image of a defect that is fully clogged by amorphous carbon and oxide and (d) a 
closer view of the edge of the defect showing an intact WS2 lattice and amorphous nature of the 
oxide. (e) EELS spectra of the suspended region (orange) and oxide region (blue) from panel (a), 
exhibiting the oxygen K-edge only in the oxide region. The carbon peak is from hydrocarbon 
contamination. (f) Effective nanopore diameter distribution for laser irradiation doses of 4.36×102 
(red), 4.80×103 (green), 6.33×104 (orange), and 6.31×105 W/cm2 (blue). (g) Percentage of the
total suspended area corresponding to the nanoporous regions as a function of laser irradiation 
dose with linear fit indicated by the dotted line on linear-logarithmic scale.
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We quantify the dimensions of the nanopores in the suspended membranes 
using a thresholding function in ImageJ and obtain a distribution of the effective 
nanopore diameter as a function of laser irradiation dose (Figure 4.22f). Effective 
nanopore diameter is taken here to be the diameter of a single circular nanopore with 
the same area as the irregularly-shaped nanopore inside the defect. The smallest defect 
observed in our samples has an area of ~ 300 nm2 while the minimum effective 
nanopore diameter was found to be ~ 15 nm. With increasing laser irradiation dose, an 
increase in both the average and maximum effective nanopore diameter is seen.  
From our observations, the photo-oxidation mechanism seems to occur in two 
ways: (i) formation of oxide islands via reaction of water or dissolved oxygen with the 
WS2 lattice and possible replacement or dislocation of sulfur atoms,6 and (ii) oxidation 
and expansion of intrinsic defects into triangular defect clusters via reaction of dissolved 
oxygen with the dangling bonds of the defects.25,123 The oxide that is formed by the latter 
process clogs the defect held together by amorphous carbon that is present from the 
transfer process. If the expanded defect becomes large enough (> 300 nm2), the carbon-
clogged region collapses and gives rise to nanopores inside the defect.  
The research presented here constitutes the first study on the fabrication of 
atomically-thin WS2 membranes with tunable porosity via a photo-oxidation-induced 
process that avoids many of the sensitive processing conditions required of other 
techniques. While no laser-induced defects were seen in air, an aqueous environment 
produced defects for laser irradiation doses in the range 102-105 W/cm2. We found that 
the creation of defects leads to the relative lowering of the concentration of neutral 
excitons compared to trions (i.e., n-type doping), combined with a decrease in PL peak 
intensity due to defect-related degradation. By potentially combining the observations 




laser rastering in a desired pattern, these results could be utilized for the facile and 
scalable fabrication of TMD nanopores and nanoporous membranes. 
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5. IN SITU CONTROL OF 2D MATERIALS
5.1 Transmission Electron Microscope Field-Effect Transistors 
In the first few chapters, we have explored the fabrication of nanostructures in 2D 
compounds as a means of precisely engineering material properties. We now turn our 
attention to controlling these properties inside the column of a transmission electron 
microscope (i.e., in situ) for simultaneous studies of atomic-scale structure, electronic 
transport, and analytical/chemical characteristics. 
In situ studies that combine the atomic resolution characterization abilities of 
TEM with the growing array of electrochemistry, gas/fluid flow, and high/low temperature 
TEM holders have emerged as powerful tools for 2D nanoscale 
characterization.92,94,137,174 However, methods for in situ electrical biasing have seen little 
development and are currently limited to two terminal measurements since conventional 
architectures consisting of metallic back or top gates are not electron transparent.13,32 
Several in situ devices including an electrical gate (i.e., third terminal) have previously 
been demonstrated.134 However, these techniques involve relatively complex fabrication 
procedures and result in a weak, spatially non-uniform gating effect. Additional efforts 
are therefore needed to produce a platform for in situ electrical biasing with a robust, 
tunable, and position-controlled gate parameter. 
Here, we report the in situ electrical gating of 2D MoS2 channels by targeting the 
electron beam of a TEM at controlled positions on a silicon nitride (SiNx) substrate 
surface. When the electron beam is turned on and hits the insulating substrate of the 
transistor chip, conductance of the 2D channel changes and gating occurs due to 




conductance modulation is completely reversible and there is no device hysteresis or 
structural damage to the 2D material. Gating is controlled by tuning the strength of the 
TEM condenser lens (i.e., spot size), which results in electron beam currents between 0 
and 70 nA in this study. We observe 2D channel current on/off ratios up ~ 60 that are 
independent of beam position and size. 
Figure 5.1a shows an optical image of a TEM field-effect-transistor (TEM-FET) 
device consisting of monolayer 90-100 µm large CVD-grown MoS2 flakes deposited onto 
a 100 nm thick, 60 µm wide SiNx window. The PL spectrum of as-grown MoS2 in Figure 
5.1b exhibits a narrow peak at ~ 1.88 eV that is consistent with monolayer thickness. 
Figure 5.1: TEM-FET device architecture, current-voltage measurement, and MoS2 
characterization. (a) Optical image of monolayer MoS2 flakes (outlined in white) transferred onto a 
60 µm square SiNx window (orange) with top-contacted Cr/Au metallic leads (yellow). (b) PL and 
(inset) Raman spectra of MoS2 under an excitation wavelength of 532 nm. (c) HAADF STEM 
lattice image and (inset) SAED pattern of monolayer 2H-phase MoS2 showing first-order (100) 
and second-order (110) reflections. (d) Device configuration showing electron beam (gray) 
exposure on a 100 nm thick SiNx window containing a two-terminal MoS2 device. Vds, Ids, Lch, 
Ibeam, and dbeam correspond to drain-source voltage, drain-source current, channel length, electron 
beam current, and electron beam diameter in the specimen plane, respectively. (e) Ex situ and in 




Likewise, the frequency separation of ~ 20 cm-1 between the in-plane E12g and out-of-
plane A1g phonon modes agrees well with expected values for monolayer MoS2 under a 
532 nm excitation (Figure 5.1b inset).81 Dark-field STEM lattice imaging and selected 
SAED patterns indicate a hexagonal 2H phase structure, which is a relatively stable, 
well-characterized semiconductor compared to the metallic 1T phase (Figure 5.1c).65,141  
The electrical measurement setup inside the TEM is shown schematically in 
Figure 5.1d.  The MoS2 flake is contacted through two-terminal Cr/Au leads and an in 
situ electrical biasing TEM holder to an external source meter. The 200 kV electron 
beam used in this study is precisely positioned on the device surface by moving the TEM 
sample stage. We present results showing how the measured drain-source current (Ids) 
with an applied drain-source voltage (Vds) across the MoS2 channel of length Lch is gated 
when changing the TEM beam current (Ibeam), beam diameter (dbeam), and its position 
relative to the 2D channel. The magnitude of Ibeam is controlled in the TEM by tuning the 
strength of condenser lens 1 (CL1), typically referred to as “spot size.” As shown in 
Figure 5.1e, the two-terminal monolayer MoS2 device exhibits a non-linear Ids-Vds curve 
under ambient ex situ conditions (pressure p = 1×105 Pa). When placed in the column of 
the TEM (p = 5×10-6 Pa), an increase Ids is observed. This has previously been 
demonstrated in conventional back-gated MoS2 FETs and was attributed to the 
desorption of gas molecules at the TMD-metal interface in vacuum, which causes a 
lowering of the Schottky barrier and improved charge carrier injection.1 The high vacuum 
condition of the TEM column (p = 5×10-6 Pa) is advantageous for producing near-ohmic 
behavior in TEM-FETs. 
Figure 5.2a is a TEM image of one of the devices tested, with the indicated 
source and drain electrodes and the outline of the 2D MoS2 flake deposited on top and 
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between the electrodes. We designed and fabricated this TEM-FET device to also 
contain a 1.2 µm diameter FIB hole in the SiNx window, with a high-magnification TEM 
image of the hole region shown in the inset of Figure 5.2a. The hole, located about 6 µm 
away from the edge of the source electrode, is marked by a pink arrow in Figure 5.2a. 
Figure 5.2: Substrate charging under SiNx and hole exposure conditions. (a) Low-magnification 
image of a TEM-FET SiNx window containing a 1.2 µm diameter FIB hole. The pink and blue 
holes show the location of the electron beam during Ids-Vds measurements in (c) and (d), 
respectively. (inset) High-magnification TEM image of the hole. (b) Continuous DC measurement 
of Ids over a period of 5 minutes under a constant Vds = 10 mV. After turning the electron beam off 
(orange), the device current rises and is indicative of electronic charge dissipation. The limited 
exponential fit is shown as a solid black line. (c-d) Ids-Vds curves when a focused electron beam 
(dbeam = 10 nm) is placed (c) through the FIB hole and (d) on the SiNx window at the locations 
marked by the pink and blue arrows, respectively, in panel (b). The insets in (c) and (d) provide 
schematics of the exposure conditions. No gating effect is observed in the hole exposure 
condition, which highlights the crucial role of the SiNx substrate in creating a tunable field effect.   
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This hole was fabricated with ion beam milling using a 30 kV Ga+ FIB after the other 
parts of the device were assembled. By moving the sample stage in situ, the location of 
the electron beam is precisely guided to expose different locations on the device.  
In the hole exposure experiment, the TEM beam with dbeam = 10 nm was 
positioned to pass through the center of the hole in Figure 5.2a (pink dot) so that the 
beam traveled only through vacuum and did not have direct physical contact with the 
SiNx surface. In the SiNx exposure experiment, the beam was positioned to impinge 
directly onto the SiNx surface; this beam location is indicated by the blue dot in Figure 
5.2a. In both experiments, an Ids-Vds curve is first acquired with the electron beam turned 
off (i.e., closed beam valve). After turning on the beam at the specified position and 
waiting 3-5 seconds, a series of 4 Ids-Vds measurements are taken, each with a different 
beam current: Ibeam = 0.5, 3.4, 9.6, and 23 nA. The Ids-Vds measurements take 10-12 
seconds each and are obtained in random order to reduce sampling bias and systematic 
errors while a negligible leakage current (< 500 pA) was observed through the SiNx 
membrane (see Figure 5.4). The beam is subsequently turned off and after 3-5 seconds, 
another Ids-Vds curve is acquired.   
Figures 5.2c and 5.2d show the corresponding Ids-Vds traces for Ibeam = 0.5 (pink), 
3.4 (blue), 9.6 (green), and 23 (yellow) nA. Curves taken with the electron beam off (Ibeam 
= 0 nA) prior to (purple) and after (red) measurements are also given. From the slope of 
each Ids-Vds trace, we calculate the two-terminal device conductance G = Ids/Vds. Figure 
5.2c shows that when the beam is passing straight through the hole (i.e., hole exposure), 
the device conductance remains virtually unchanged. A change in TEM-FET 
conductance due to the electron beam occurs only when it hits the SiNx surface and can 
be quantified through ΔG = [G(0 nA)-G(23 nA)]/G(0 nA), where G(0 nA) and G(23 nA) 
are the conductance values measured under beam currents of 0 and 23 nA, 
109 
respectively. In the SiNx exposure experiment (Figure 5.2d), a significant ΔG value of 
73% is observed when the beam hits the SiNx surface. Specifically, the conductance is 
maximum when the electron beam is off (Ibeam = 0 nA). As Ibeam increases and more 
electrons hit the SiNx per unit time over a fixed beam area (up to 1.8×109 electrons per 
second∙nm2), the conductance decreases, yielding a minimum conductance for the 
maximum beam current, Ibeam = 23 nA. Interactions between incident electrons and the 
suspended SiNx window generate an electrostatic field, which causes current 
suppression in the MoS2 channel. We utilize this observation for further in situ gating of 
the 2D TEM-FET devices, and explain it below in more detail. 
When the beam is turned on or off, it takes time for the 2D channel conductance 
to respond and asymptotically reach some equilibrium value, respectively, of the SiNx 
window. This is illustrated by the measurement in Figure 5.2b on the same device where 
we monitor Ids as a function of time under a fixed drain-source voltage of 10 mV. The 
TEM beam with Ibeam = 3.4 nA is first placed at the location on the SiNx window indicated 
by the blue dot in Figure 5.2a. Under this electron beam exposure for 30 seconds, the 
drain-source current Ids was first constant (blue curve). When the beam was 
subsequently turned off, Ids increases rapidly at first before nearly leveling off over a 
period of 5 minutes (orange curve). This current vs. time behavior is well described by a 
limited exponential growth.126 This is consistent with discharging of the insulating SiNx 
substrate when the beam is turned off. Similar behavior is also observed when the 
electron beam is turned on and the 2D channel current decreases exponentially, as the 
SiNx substrate is charged by the impinging electron beam. 
In TEM specimens, electron exposure results in radiation damage through 




materials such as SiNx also experience significant electrostatic charge accumulation. 
When exposed to the TEM beam, the ejection of secondary and Auger electrons from 
the insulating specimen leads to a charge imbalance. For TEM-FETs, constant electron 
beam exposure sustains this charge imbalance, thus generating a positive surface 
potential in the SiNx window and leading to gating through modulation of current in the 
MoS2 channel.61  
In order to characterize the gating behavior in the MoS2 TEM-FET by the electron 
beam, we next varied the beam location and parameters. Figure 5.3a is an optical image 
of an TEM-FET device with a monolayer MoS2 flake outlined in white. A TEM beam with 
a constant dbeam = 8.7 µm was positioned at seven locations indicated by dashed circles 
on both the MoS2 flake (yellow) and the bare SiNx window (blue). A series of Ids-Vds 
curves for different Ibeam were obtained at each location, with the resulting ΔG values 
displayed in Figure 5.3a. We observe no correlation between ΔG and the distance of the 
Figure 5.3: Current-voltage measurements for different beam positions on a TEM-FET. (a) 
Optical image of an TEM-FET showing ΔG values as a function of electron beam position on the 
SiNx window. Each number corresponds to a ΔG value obtained while the encircled area (dashed 
circle) was exposed to a TEM beam (dbeam = 8.7 µm). Yellow and blue values correspond to 
exposure on areas of the SiNx window with and without monolayer MoS2 (outlined in white), 
respectively. Due to a stronger field effect, higher ΔG values are observed when the electron 
beam is parked on a region containing MoS2 (b) Example Ids-Vds curves for electron beam 
exposure on a bare SiNx window with ΔG = 56%. (c) Ids-Vds curves under electron beam exposure 




electron beam from the MoS2 channel. For example, the beam locations closest to (7.7 
µm) and farthest from (52 µm) the channel both display ΔG = 89% (Figure 5.3a).  
However, conductance suppression is observed to be significantly stronger when 
the electron beam is incident on MoS2 compared to the bare SiNx substrate. Figures 
5.3b and 5.3c show Ibeam-dependent Ids-Vds data for electron beam exposure to bare SiNx 
and MoS2, respectively. Although traces with the beam off (Ibeam = 0 nA) are nearly 
identical, MoS2 channel currents with the beam on (Ibeam ≠ 0 nA) are substantially lower 
when the MoS2 region is exposed (Figure 5.3c). As shown in Figure 5.3a, this behavior 
is consistent across the TEM-FET, with average ΔG values of 90% (± 1.3%) at MoS2 
locations and 58% (± 2.8%) on SiNx. Therefore, ΔG is relatively constant across the 
extent of the TEM-FET window and is amplified when the electron beam interacts with 
MoS2 on the window. We also note that negligible differences in ΔG are observed 
between cases where the exposed MoS2 flake is contacted to the source/drain and when 
it is electrically-isolated, suggesting that charge carrier injection from the electron beam 
to the MoS2 device channel is insignificant.  
 In order to accurately quantify the ability of TEM-FET devices to return to their 
initial conductance values after gating with the electron beam, we introduce the following 
parameter that reflects the degree of hysteretic behavior, ΔGhys = [Gprior-Gafter]/Gprior, 
where Gprior and Gafter correspond to conductances prior to (purple curves) and after (red 
curves) electron beam gating. As shown in Figure 5.4a, devices reported until now 
(Figures 5.2 and 5.3) have involved positioning of the electron beam outside of the MoS2 
source-drain channel region. The small ΔGhys values (< 2%) exhibited by these systems 
are within the detectable noise limit of our measurement system. This indicates that the 
electron beam in this configuration does not affect the TEM-FET’s original conductance. 




channel itself, for example the device in Figure 5.4b which displays ΔGhys = 53%. We 
attribute this to the 200 kV electron beam implemented in this study, which is known to 
cause the irreversible formation of S vacancies and a degradation in the electronic 
transport of MoS2.72,122,171 
 In addition to probing electron-MoS2 interactions, we also study the effect of 
placing the TEM beam outside of the electron transparent window (Figure 5.4d) to 
Figure 5.4: TEM-FET current-voltage characterization as a function of channel/window exposure 
and beam size. (a) Schematic and (b-c) transport characteristics when the electron beam is 
parked on (green) and off (black) of the MoS2 device channel (gray) Electron beam exposure to 
the transistor channel results in a degree of hysteresis (ΔGhys = 53%) due to the irreversible 
creation of sulfur vacancies in the conduction region. (d) Schematic and (e-f) Ids-Vds curves for on- 
(green) and off-window (black) exposure. (g) Schematic and (h) electronic characteristics of 
focused (green, dbeam = 10 nm) and unfocused (gray, dbeam = 8.7 µm) beam placement on the 
TEM-FET window. No difference in conductance is observed between the two conditions. (i) Ids-
Vds curves for separate two-terminal devices with MoS2 (yellow) and bare SiNx (blue) channels.  
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highlight the role of SiNx in producing the gating effect. As illustrated in Figure 5.1a, the 
suspended SiNx window (orange) containing the source-drain channel is encompassed 
with Si-supported SiNx (light blue), which acts as a robust device platform. Figures 5.4e 
and 5.4f show Ids-Vds curves when the beam is positioned in these on-window and off-
window regions, respectively. Beam placement outside of the window results in no 
conductance change. In situ MoS2 current modulation is therefore possible only when 
the beam hits the suspended SiNx window region. The underlying Si is relatively 
conducting and allows charges from electron irradiation to quickly dissipate.44,104 
To analyze the effects of other TEM beam parameters, we probe device 
conductance while changing diameter dbeam of the electron beam to vary the size of the 
region exposed to electrons (Figure 5.4g). With the electron beam placed on the SiNx 
window at a fixed current (Ibeam = 23 nA), Figure 5.4h shows Ids-Vds data under tightly 
focused (green, dbeam = 10 nm) and broad beam (gray, dbeam = 8.7 µm) illumination. A 
negligible difference in conductance is observed between the two, suggesting that 
electronic transport in the TEM-FET is not affected by the area of interaction between 
the incident beam and SiNx window as long as the beam current is constant. We also 
note a negligible leakage current (< 500 pA) between the source and drain electrodes 
through the SiNx membrane (Figure 5.4i). 
Figure 5.5 displays in situ electronic transport characteristics of a typical TEM-
FET device where the electron beam is positioned on the SiNx window at a distance ~ 28 
µm from the 2D channel (configuration shown in Figure 5.1d). Figure 5.5a contains Ids-
Vds curves from a MoS2 channel with Ibeam from 0 (i.e., electron beam off) to 23 nA. From 
an initial conductance G = 46 nS at Ibeam = 0 nA, G drops to 37, 29, 24, and 17 nS for 
beam currents of 0.5, 3.4, 9.6, and 23 nA, respectively. The maximum conductance drop 
for this device was ΔG of 63%. The corresponding gating curve showing the 
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dependence of Ids on the electron beam current Ibeam is given in Figure 5.5b. Because the 
current of the electron beam, Ibeam, controls the current through the MoS2 device, it can 
be therefore taken as the gating parameter (i.e., x-axis). The beam current here is to 
some extent analogous to the gate voltage applied in a traditional transistor. Here, the 
transistor is in the “off state” when the electron beam current is maximal, Ibeam = 23 nA, 
while it is in the “on state” when the beam current is minimal, Ibeam = 0 nA.  
Figure 5.5: In situ current-voltage curves and on/off gating characteristics of TEM-FETs. (a) Ids-
Vds curves as a function of Ibeam for a MoS2 device with Lch = 3.2 µm. G is observed to decrease at 
larger Ibeam values due to a stronger field effect. The sample shown in (a) exhibited ΔG = 63%. 
Curves obtained before and after Ids-Vds sweep measurements under no electron beam exposure 
are also shown in purple and red, respectively, to demonstrate the absence of device hysteresis. 
(b) Ids-Ibeam gating curve as a function of Vds for the same device. Transistor on/off ratio, IOn/IOff, is 
taken as the ratio of Ids values between the TEM-FET on (Ibeam = 0 nA) and off (Ibeam = 23 nA) 
states, which are indicated in panels (a)-(d). The curve in (b) shows an IOn/Ioff of 2.7. (c) Ids-Vds 
and (d) Ids-Ibeam curves for a different sample showing a higher Ion/Ioff of 56 under a comparatively 
stronger electron beam (70 nA).
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The Ids-Ibeam curves for varying Vds values from 30 to 180 mV show clear 
transistor-like behavior.20,131 The quality of a FET is conventionally quantified through 
on/off ratio, Ion/Ioff = Ids,on/Ids,off, where again Ids,off(on) is equivalent to Ids when Ibeam is at 
maximum (23 nA) and minimum (0 nA) values. The device shown in Figure 5.5b exhibits 
an Ion/Ioff of 2.7. Under stronger electron beams, higher levels of gating and drain-source 
current suppression were observed.  For example, the TEM-FET displayed in Figure 
5.5c-d under an electron beam current of 70 nA exhibits ΔG = 94% and Ion/Ioff = 56, 
significantly higher than values obtained under Ibeam = 23 nA. This suggests that utilizing 
TEM beams with higher current densities and thicker SiNx membranes could potentially 
produce orders of magnitude improvement closer to the >107 on/off ratios displayed by 
conventional planar MoS2 FETs.131,165  
The 2D MoS2-based TEM-FETs reported here enable concurrent structural 
characterization and in situ electrical biasing measurements on the same platform. 
Applying the electron beam to the TEM-FET causes charging of the SiNx substrate, 
which leads to a positive surface potential and current suppression in the biased MoS2 
channel. The magnitude of gating is dependent on the electron beam current but largely 
decoupled from the position and size of the TEM beam. Under SiNx exposure conditions, 
the TEM-FET devices exhibit virtually no device hysteresis, maximum Ion/Ioff values up to 
56, and clear transistor-like characteristics. The TEM-FET framework can be easily 
extended to study the electronic transport properties of nanomaterials together with 
atomic resolution structural and analytical capabilities of electron microscopy. 
5.2 Patterning of Van der Waals Superlattices 
Vertically stacked layers of two identical (i.e., bilayers) and different (i.e., van der 
Waals (vdW) heterostructures) two-dimensional (2D) materials with an interlayer twist 
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angle offer a host of exciting electronic, optical, and structural properties. Unlike pure 
monolayer 2D materials, interlayer twist angle offers an extra degree of freedom in 
controlling the properties of the stacked systems12,63 with increasing efforts focused on 
producing bilayers and heterostructures with tunable twist angles and stacking 
orders.176,180,183 Similarly, patterning structures such as defects, nanoribbons, nanopores, 
and nanomeshes has been broadly implemented as a method of precisely engineering 
properties in monolayer 2D materials8,22,25,93 but have received little to no attention in the 
context of 2D superlattices.  
A variety of techniques such as electron beam irradiation/lithography,22,157 
focused ion beam irradiation,147 and block copolymer lithography8 have been utilized to 
pattern 2D materials at the atomic scale. Among them, irradiation through focused sub-
nm TEM beams allows for lattice reconstructions and atom-by-atom manipulation at 
unprecendented length scales. For instance, nm-scale holes (i.e., nanopores) drilled in 
monolayer 2D materials via focused TEM beam exposure have been widely investigated 
as next-generation avenues for DNA sequencing, molecular detection, and fluid 
separation.25,135 While recent theoretical studies have even suggested that nanopores in 
bilayer MoS2 exhibit enhanced biosensing capabilities in comparison to monolayer MoS2 
because of longer pore-protein interaction times,115 experimental characterization of 
such patterned systems is lacking. In order to fully realize superlattice nanodevices, 
additional efforts on the nanoscale patterning and characterization of vdW 
heterostructures and bilayers are required.  
In this part, we demonstrate the production and atomic-scale characterization of 
a variety of 2D superlattices including CVD-grown bilayers, transferred vdW 
heterostructures, and quasicrystals.103 Aberration-corrected STEM beams are used to 




formation with sub-nm precision. We also examine the atomic configuration of individual 
pores and demonstrate the fabrication of nanoporous arrays by employing inherent 
structural periodicities in the 2D superlattices.  
The schematic in Figure 5.6a illustrates the principle of moiré pattern formation in 
a 2D superlattice. When two crystalline monolayers are rotationally misaligned with a 
twist angle θ (-30° < θ < 30°), the resulting stack forms a moiré pattern with superlattice 
parameter a’. For a stack of two hexagonal lattice materials, a’ = a/2sin(θ/2), where a is 
the lattice parameter of the monolayer. These long-range structural parameters are 
delineated in a fast Fourier transform (FFT), which provides a reciprocal space 
representation of a superlattice. The pattern in the inset of Figure 5.6a is an FFT of an 
atomic resolution STEM image and indicates a stack of two hexagonal lattice 
monolayers with θ ~ 14°, resulting in a superlattice with a’ ~ 0.79 nm.  
Figure 5.6: Moiré superlattices in vdW bilayers and heterostructures. (a) Schematic of moiré 
pattern formation in a superlattice of two rotationally misaligned monolayer 2D materials.  (Inset) 
Structural parameters θ (twist angle) and a’ (moiré lattice parameter) are present in a fast Fourier 
transform (FFT) of the superlattice. HAADF STEM images taken at an acceleration voltage of 80 
kV of a (b) stacked MoS2-WS2 heterostructure, (c) CVD-grown bilayer WSe2 flake, (d) CVD-grown 
bilayer MoS2 film, and (e) stacked Gr-hBN heterostructure. The structure in (e) is an 




2D superlattices with precisely engineered twist angles can be produced through 
a variety of different techniques. The most widely applied method consists of physically 
stacking two monolayer materials. Figure 5.6b shows an 80 kV HAADF STEM image of 
a vdW heterostructure with two CVD-grown monolayers (1L MoS2 and 1L WS2) that 
have been randomly stacked (θ ~ 20°) with a wet transfer technique (see Section 2.2.1). 
We note that advances in dry transfer techniques further allow for tunable twist angles 
with down to ~ 0.1° precision. 
Superlattices can also be fabricated through CVD growth of bilayer 2D materials. 
Figures 5.6c and 5.6d exhibit bilayer WSe2 flakes (θ ~ 18°) and bilayer MoS2 films (θ ~ 
10°), respectively, that have been produced with CVD.100,102 Other studies have been 
aimed at the growth of vdW heterostructures with novel interlayer optoelectronic 
properties.180 However, CVD growth currently offers poor control over twist angle 
compared to mechanical stacking such that further efforts are needed to engineer bilayer 
and heterostructure systems with particular geometries and materials. Beyond regular 
moiré patterns, superlattices also enable investigations of incommensurate structures 
with no long-range periodicities,169 such as the 30°-twisted quasicrystal of stacked 
graphene (Gr) and hexagonal boron nitride (hBN) shown in Figure 5.6e.  
In addition to physical characterization, focused STEM beams enable the 
fabrication of nanopores and sub-nm vacancies in ultrathin materials through atomic-
scale ablation. Nanopores have previously been reported in monolayer 2D materials 
such as graphene,107 hBN,90 MoS2/WS2,25 and various transition metal carbides 
(MXenes)111 using this technique. Here, we extend these methods to fabricate 
nanopores in stacked vdW heterostructures and bilayers using STEM, and investigate 
the resulting structural properties. Figure 5.7a is a low magnification STEM image of a 




of the capping monolayer reveals a lattice that is consistent with previous reports of 
monolayer WS2 (orange, Figure 5.7b).149 The corresponding FFT pattern similarly 
indicates a lattice spacing (2.71 Å) that is in excellent agreement with the (100) lattice 
Figure 5.7: Electron beam thinning and pore drilling in a vdW heterostructure. (a) Low 
magnification STEM image of a MoS2-WS2 vdW heterostructure sitting on a holey carbon TEM 
grid. (b) HAADF STEM image of the overlying WS2 layer (orange) with (inset) corresponding FFT 
pattern. (c) Line intensity profiles of the segment shown in (e) and (f), indicating the presence of 
WS2 in the thinned region and an intensity drop over the pore, respectively. (d) HAADF STEM 
image of the MoS2-WS2 superlattice region (purple) with (inset) corresponding FFT pattern 
displaying θ ~ 25°. Exposure to a focused STEM beam results in (e) the formation of a thinned 
region (d ~ 1.0 nm) after 10 seconds and (f) eventually a nanopore (d ~ 1.0 nm) after a total of 20 
seconds. (g) Schematic demonstrating how focused electron beam irradiation of 2D bilayers and 
vdW heterostructures causes ablation to occur (h) first in the bottom monolayer and (i) 




parameter of 2H-phase monolayer WS2. STEM imaging of the superlattice region shows 
a quasicrystal structure with twist angle θ ~ 25° (purple, Figure 5.7d).  
In monolayer 2D materials, STEM-based drilling results in nanopore formation 
due to collisions between lattice atoms and incident electrons.3 In two layers, we observe 
that focusing a STEM beam (i.e., spot mode) with probe current Iprobe ~ 140 pA on the 
superlattice for 10 seconds (dose D ~ 1×108 e-/Å2) first creates a thinned region with 
diameter d ~ 1.0 nm as opposed to a nanopore (Figure 5.7e). As demonstrated in 
Figures 5.7c and 5.7e, an intensity profile (outlined in blue) across the boundary shows 
that the crystalline nature of the thinned region is retained. Furthermore, the dependence 
of HAADF image intensity on atomic number (Z) by ~ Z2 enables determination of the 
thinned region composition.75,147 For the MoS2-WS2 heterostructure in Figure 5.7, 
maximum HAADF intensity occurs at sites contained overlapping Mo and W atoms. 
Compared to the intensity of 0.97-1.0 for these superlattice sites (Figure 5.7c, ‘W+Mo’), 
sites in the thinned region have an intensity of ~ 0.69 (Figure 5.7c, ‘W’). This is indicative 
of W atoms, thus showing that the thinned region is comprised of WS2. Here, the use of 
a vdW heterostructure enables the nanostructural analysis of individual layers during the 
thinning and pore formation processes, which would otherwise not be possible in vdW 
bilayers with identical 2D monolayers (see Figure 5.9). These energetics are 
demonstrated schematically in Figure 5.7g-i and suggests that during the first 10 
seconds of exposure, the MoS2 monolayer prevents electron beam knock-on damage in 
the WS2 monolayer. This observation explains the success of previous approaches in 
preventing 2D material radiation damage by graphene encapsulation3 as well as the 
STEM thinning of ultrathin (i.e., few nm) SiNx membranes at 200 kV.133  
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Further exposure of the thinned region to the focused STEM beam for another 10 
seconds (D ~ 2×108 e-/Å2) causes displacement of the W and S atoms,71,171 resulting in 
the formation of a pore in the MoS2-WS2 heterostructure (Figure 5.7f). As shown in 
Figure 5.7c (red), a profile shows a drastic reduction in intensity due to residual 
chalcogen atoms at the pore edge as well as a complete absence of intensity in the pore 
interior, indicating ablation of both heterostructure layers. Due to the fact that the pore 
Figure 5.8: Structural analysis of a sub-nm vdW heterostructure pore. (a) HAADF STEM image 
of a single nanopore/defect with d ~ 0.6 nm in a MoS2-WS2 vdW heterostructure (θ ~ 25°) drilled 
with focused electron beam irradiation. (b) Line intensity profiles of the segments shown in (a), 
showing (orange) a drop in intensity at the nanopore compared to (blue) a pristine region of the 
quasicrystalline superlattice. (c) Atomic model and (top inset) high magnification STEM image of 
the pore shown in (a) with corresponding intensity profile segments. (Bottom inset) Line intensity 




has the same diameter as the thinned region (d ~ 1.0 nm), STEM thinning of 2D 
superlattices offers a way of avoiding the unintended formation of multiple pores/defects 
(e.g., as in monolayer 2D materials)3,122,143 or as a method of localizing pore formation 
during dielectric breakdown processes.76 
Utilizing sub-nm aberration-corrected electron beams also allows for pore 
fabrication in 2D materials with tunable sizes down to a few atoms. A MoS2-WS2 
superlattice region is first thinned for 10 seconds as described above. Further exposing 
the thinned region to a focused STEM beam for half the time (5 seconds, D ~ 5×107 e-
/Å2) compared to Figure 5.7f (10 seconds, D ~ 1×108 e-/Å2) results in a smaller pore (d ~ 
0.6 nm). A HAADF STEM image reveals that this is due to incomplete ablation of the 
thinned region, resulting in a patch of intact monolayer WS2 at the top right edge of the 
pore (Figure 5.8a), further confirming the aforementioned thinning process (see Figure 
5.7). The atomically-sharp edges of the pore are clearly evident from the line intensity 
profiles of the pore and pore edge in Figures 5.8c (green) and 5.8b (orange), 
respectively. Similarly, the STEM image in Figure 5.8a demonstrates that the moiré 
superlattice of the region surrounding the pore remains unperturbed. This demonstrates 
that the pore formation process outlined here preserves the crystallinity of the 
superlattice, unlike previous reports of monolayer 2D materials in which strong electron 
beams cause amorphization of the pore edge.143 The atomic structure of the pore with d 
~ 1.0 nm in Figure 5.7f can also be discerned despite the presence of ejected atoms. 
Figure 5.8c is an atomic model of the superlattice pore with W, Mo, and S2 lattice sites 
represented in purple, green, and yellow, respectively. The d ~ 0.6 nm pore constitutes a 
total of 3 W and 6 S atoms removed from the top WS2 layer and 6 Mo and 10 S atoms 
missing from the underlying MoS2 layer (error of ±1 atom due to electron beam 
aberrations and the low HAADF contrast of sulfur).  
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In vdW heterostructures and bilayers, it is possible to tailor optical and electronic 
properties by varying θ, the interlayer twist angle. Figure 5.9a-c exhibits SAED patterns 
from CVD-grown bilayer WSe2 flakes with twist angles of 13°, 17°, and 27°, respectively, 
on a holey carbon TEM grid. HAADF STEM images show periodic moiré superlattices 
for each value of θ (Figure 5.9d-f). Advances in STEM software-hardware interfaces now 
Figure 5.9: Atomic-scale patterning in twisted vdW bilayers. (a-c) SAED patterns and (d-f) 
HAADF lattice images of CVD-grown bilayer WSe2 flakes with (a,d) θ ~ 13°, (b,e) θ ~ 17°, and 
(c,f) θ ~ 27°. The moiré pattern provides a close-packed, hexagonal lattice template for STEM-
based nanopore array drilling. (g-i) STEM images of nanopore arrays with inter-pore distance LD 
~ 4-5 nm drilled in flakes at different twist angles. LD roughly corresponds to ~ 2a’, 3a’, and 5a’ (a’ 




enable in situ focused electron beam patterning with sub-nm precision and are widely 
utilized to induce defect formation, lattice reconstructions, and low-dimensional 
nanostructures in 2D materials.101,122 By controllably exposing a pristine bilayer region to 
the focused STEM probe using the conditions outlined in Figure 5.7 (20 seconds 
exposure per pore; D ~ 2×108 e-/Å2), arrays of nanopores in a hexagonal lattice pattern 
are produced. The resulting porous array has a close-packed structure, which ensures a 
uniform spacing between neighbouring pores as well as a more efficient packing fraction 
compared to conventional square arrays.42,157 Across different twist angles, a fixed inter-
pore distance (LD) of ~ 4-5 nm was maintained. While identical exposure conditions are 
used across samples with different θ, we note that pores occasionally do not drill 
completely through both layers or possess different diameters due to stage drift within 
the electron microscope and local variations in polymer contamination (Figure 5.9g-i). 
The porous array fabrication process can be further improved with cleaner 
samples through polymer-free transfer17 and/or in situ annealing.153 As shown in Figure 
5.9g, the LD range of ~ 4-5 nm is equivalent to approximately two moiré lattice 
parameters (LD ~ 2a’) in bilayer WSe2 with θ ~ 13°, meaning that the center of each pore 
is spaced roughly two superlattice unit cells apart. Similarly, LD ~ 3a’ and LD ~ 5a’ holds 
for larger twist angles of θ ~ 17° (Figure 5.9h) and θ ~ 27° (Figure 5.9i), respectively. 
The hexagonal periodicity of moiré superlattices in twisted bilayers and vdW 
heterostructures therefore provides an intrinsic template for patterning nanoporous 
arrays and other low-dimensional structures at the atomic scale. 
Through the use of controlled electron beam irradiation, this work has illustrated 
the atomic-scale thinning, ablation, and patterning of 2D material superlattices. STEM 
imaging was used to characterize the commensurability, interlayer twist angle, and moiré 
lattice parameter of stacked heterostructures and CVD-grown bilayers. We studied both 
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periodic moiré and quasicrystalline superlattices with different twist angles from θ ~ 10-
30°. By variably focusing a STEM beam on thinned regions under different exposure 
times, nanopores/defects with tunable sizes down to d ~ 0.6 nm (comparable to 2D 
lattice spacings) can also be created. We utilized the mass-contrast behavior of HAADF 
imaging to investigate the structural characteristics of the resulting pores and show that 
thinned regions and pore edges retain their crystallinity after electron beam exposure. 
Electron diffraction and STEM imaging provide insights into the nanoscale periodicities 
of bilayers with varying structural parameters. These periodicities were employed to 
pattern close-packed arrays of pores while the correlation between inter-pore distance, 
bilayer twist angle, and moiré lattice parameter was examined. With increasing interest 
in multilayer 2D architectures, these results motivate further studies on the structural 
characterization and modification of vdW superlattices. 
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APPENDIX 
A. List of Abbreviations
0D – zero-dimensional 
1D – one-dimensional  
2D – two-dimensional 
Å – angstrom  
AC – armchair  
AC-STEM – aberration-corrected scanning transmission electron microscopy 
AFM – atomic force microscopy 
APC – atom pair center 
BP – black phosphorus 
CBM – conduction band minimum 
CN – coordination number 
d – diagonal length or diameter 
D – diameter  
D – dose 
DFT – density functional theory 
DNA – deoxyribonucleic acid 
DOS – density of states 
e- – electron
EB – edge band
EBL – electron beam lithography
EMFET – electron microscope field-effect transistor
FFT – fast Fourier transform
FIB – focused ion beam
G – conductance
GNR – graphene nanoribbon
HAADF – high-angle annular dark-field
HRTEM – high-resolution transmission electron microscopy
IB – bias current
IDS – drain-source current
IV – current-voltage
LA – longitudinal acoustic
LD – inter-pore distance
MD – molecular dynamics
MoS2 – molybdenum disulfide
NA – numerical aperture
NC – nanoconstriction
ND – neutral density
NEB – nudged elastic band
nm – nanometer
NP – nanopore
OC – open center
P – power
PAW – projector augmented wave
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PDMS – polydimethylsiloxane  
PDOS – site-projected density of states  
PL – photoluminescence  
PMMA – poly(methyl methacrylate) 
PNR – phosphorene nanoribbon 
R – radius  
RIE – reactive ion etching 
S – siemens 
SAED – selected area electron diffraction 
SC – superlattice constant 
sccm – standard cubic centimeters per minute 
SEM – scanning electron microscopy 
STEM – scanning transmission electron microscopy 
TEM – transmission electron microscopy 
TEM-FET – transmission electron microscope field-effect transistor 
VASP – Vienna Ab Initio Simulation Package 
VB – bias voltage 
VBM – valence band maximum 
VDS – drain-source voltage 
vdW – van der Waals  
WS2 – tungsten disulfide 
XPS – X-ray photoelectron spectroscopy 
ZZ – zigzag 
ZZRC – zigzag reconstruction 
B. Theoretical Methods
Phosphorene Nanopores (0D) and Nanoribbons (1D). In Sections 3.1 and 3.2, 
we discuss the energy landscapes for phosphorene nanopores and the band structures 
for few-nm wide phosphorene nanoribbon, respectively. The plane-wave DFT 
calculations were performed with The Vienna Ab Initio Simulation Package (VASP).73 
The optB86b functional was used to include local effects and non-local effects, including 
the van der Waals interaction. An energy cutoff of 500 eV was used for the projector 
augmented wave (PAW) pseudopotentials. For bulk BP, the atoms and cell were relaxed 
to critical forces of 0.001 eV/Å using a Monkhorst-Pack k-point sampling of 9×12×4, 
which resulted in the optimized lattice constants of a = 4.35 Å (armchair), b = 3.33 Å 
(zigzag), and c = 10.51 Å. To form monolayer phosphorene, four atoms were removed 
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from the bulk unit cell and a vacuum layer of 20 Å was used to prevent interaction 
between periodic images. The atoms were relaxed to cutoff forces of 0.001 eV/Å using a 
k-point sampling of 9×12×1.
Nanoribbons were formed by using the lattice vectors and atomic coordinates 
from the phosphorene sheet. For armchair and both zigzag terminations the unit cell 
contained one primitive unit cell parallel to the edge, and for both 2×1 supercell 
reconstructions of the ZZ-2 edge the unit cell contained two primitive unit cells parallel to 
the edge. For all cases the unit cell contained eight primitive unit cells perpendicular to 
the edge. An in-plane vacuum of about 20 Å was formed to minimize interaction between 
periodic images of the nanoribbons. These nanoribbon coordinates were relaxed to a 
force cutoff of 0.01 eV/Å using k-point samplings of 1×9×1 for armchair, 1×12×1 for both 
zigzag terminations, and 1×6×1 for both ZZ-2 reconstructions. 
We computed the energy barriers for removing single atoms from the 
phosphorene edges by using the nudged elastic band (NEB) method64 in the VTST 
version of VASP with an improved tangent estimate. Sixteen intermediate steps 
(images) were formed using linear interpolation, with smaller shifts in the low separation 
region where any potential energy barriers were expected to form. The already existing 
ribbons were extended perpendicular to the atom removal direction by three unit cells for 
armchair and both terminations of zigzag, and by one unit cell for the ZZRC edges. This 
ensures negligible interaction between periodic images of the atom being removed. The 
removed atom is one which is closest to the edge and is shifted up to about 10 Å from 
the edge to ensure converged energies. The endpoint geometries were converged to a 
force cutoff of 0.01 eV/Å with k-point samplings of 1×3×1 for all cases. Atoms on the 
edge opposite where the atom was removed were held fixed to speed up convergence 




To form the nanoribbons used in calculating band structures the geometries were 
converged to force cutoffs of 0.01 eV/Å and the number of k-points was chosen such 
that the product of the lattice vector and number of k-points was at least as large as the 
same value for the bulk. An approximate 10 Å in-plane vacuum was used to prevent 
interaction between periodic images. At least five bands were used per atom to ensure 
well-converged bands and 200 k-points were used along the high symmetry directions, 
found using the AFLOW tool. To calculate the charge densities for the edge, bands 
structures were re-computed with 25 k-points along the high symmetry directions. Since 
the Kohn-Sham energy eigenvalues are output in ascending order for each k-point, the 
band numbering changes if bands cross. To circumvent this, regions in the band 
structures were identified where only the suspected edge bands crossed over each other 
and the corresponding k-points in these regions were included in the partial charge 
density calculations. 
Phosphorene Antidot Arrays (2D). Section 3.3 highlights the fabrication of 
phosphorene antidot lattices and subsequent quantum confinement effects in these 
structures. Antidot plane-wave DFT calculations were again performed using VASP. To 
include local and nonlocal effects (including the van der Waals interaction) the optB86b 
functional was used. PAW pseudopotentials were used with an energy cutoff of 350 eV. 
Gaussian smearing of 0.05 eV was employed. The cutoff for electronic convergence was 
set to 10-5 eV. For bulk BP, a Monkhorst-Pack k-point sampling of 6×8×2 was used. The 
atoms and cell relaxed to a force cutoff of 0.01 eV/Å, which gave a = 4.36 Å (armchair), 
b = 3.33 Å (zigzag), and c = 10.48 Å for the lattice constants. This force cutoff was used 
for all relaxations. By removing four atoms from the bulk unit cell, extending c to 12 Å, 
and relaxing again the optimized phosphorene layer was obtained. 
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The supercells used for the antidot lattices were constructed using the 
phosphorene lattice vectors and atomic coordinates. After removing atoms, each system 
was relaxed using an in-plane k-point sampling of 2×2 for SC = 1.49 nm and 1×1 for the 
larger supercells. Next the coordination number (CN) was computed for each atom, 
which is defined as the number of atoms within a cutoff distance of 2.5 Å from the given 
atom. If CN = 1, then passivation was by two H atoms, and if CN = 2, then passivation 
was by one H atom. The H atoms were placed on a line joining the origin (center of the 
hole) and the P atom, at about 1 Å from the P atom and at the same z coordinate. When 
passivating with two H atoms, the H atoms were initially separated by 60 degrees. After 
relaxing the systems, the coordination numbers were checked again to make sure that 
the systems were passivated. In some cases, the H atoms were rejected from the edge 
and formed H2 molecules. To force passivation of the edges the H atoms were re-
attached and rotated apart from each other and/or out-of-plane before relaxing again to 
create a more stable starting configuration. The only P atoms requiring double 
passivation were directly along the x axis. The P atoms were bent away from the edge, 
the two H atoms were bent out-of-plane towards the center of the phosphorene layer, 
and then the systems were re-relaxed. If passivation corrections were needed the 
coordination numbers were checked again before declaring geometries finalized. 
Passivation not only stabilizes the edges, but also removes any potential in-gap states 
which would interfere with calculation of the band gap for a realistic system. 
The frequencies for the Raman active modes of interest were calculated for one 
antidot system (OC with SC = 1.49 nm and R = 0.43 nm) and the corresponding pristine 
supercell (OC with SC = 1.49 nm and R = 0 nm) using Phonopy.150 The frequencies 
corresponding to A1g, B2g, and A2g are 356.4, 416.1, and 441.2 cm-1 for the pristine 
phosphorene and 352.6, 414.6, and 440.9 cm-1 for the antidot, respectively. The 
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differences are more significant than was observed experimentally, which could be due 
to application of the harmonic approximation at zero temperature. 
The power spectrum method can be used to determine the normal mode 
frequencies of a system with anharmonic phonon potentials at non-zero temperature. 
The power spectrum P(ω) is obtained by first performing a molecular dynamics run and 
then calculating the Fourier transform of the total velocity autocorrelation Aν(τ). These 
equations can be found in a report by Cupo et al.22 This method was carried out for the 
same systems that were studied with Phonopy. The time-dependent positions were 
calculated using ab initio molecular dynamics in VASP with a time step of 0.5 fs (with the 
other parameters described previously). The temperature was maintained at 300 K using 
the Nosé-Hoover chain thermostat. The system was equilibrated for the first 5 ps and the 
subsequent 50 ps of data were used for the power spectra. The velocities were 
calculated from the positions using a centered-difference formula with seven points. The 
frequencies corresponding to A1g, B2g, and A2g shift by  2 cm-1, 0.3 cm-1 , and 0.1 cm-1, 
respectively which is in better agreement with the experimental results. Note that the 
power spectrum method does not provide information about the Raman selection rules 
and the peak intensities are not physically related to the Raman intensity.  
The density of states calculations were performed using in-plane k-point grids of 
11×11 for SC = 1.49 nm, 5×5 for SC = 3.02 nm, 3×3 for SC = 4.56 nm, and 1×1 for SC = 
5.99 nm with 1000 energy grid points in the range EF ± 3 eV. The DOS is normalized to 
the total number of phosphorus atoms. The PDOS plots are normalized to the respective 
number of atoms, i.e. the edge PDOS is normalized to the number of edge phosphorus 
atoms and the interior PDOS is normalized to the number of phosphorus interior atoms. 
The band gap is calculated by starting as close to the Fermi energy as possible and 
132 
finding the energy range where the normalized DOS is less than a cutoff value of 0.001 
eV-1. The DOS can be normalized to only the number of phosphorus atoms for the band 
gap calculation since decomposing the PDOS into contributions from phosphorus and 
hydrogen atoms indicates that the hydrogen atoms contribute negligibly near the band 
gap edges. Note that the PDOS is given in arbitrary units since the site-projection only 
includes s, p, and d orbitals.  
Band structures were computed using at least five bands per phosphorus atom, 
at least two bands per hydrogen atom, and 51 k-points along each high symmetry 
direction. For band decomposed charge density calculations all k-points were used. 
Since the band structure calculations were performed 3 k-points at a time, band 
decomposed charge density calculations were partitioned likewise. For a given band or 
set of bands of interest all partial charge densities from the separate calculations were 
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